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Abstract
Reversible modification of proteins by phosphorylation of serine, threonine and
tyrosine residues is the most common post-translational modification, which is
estimated to occur in 30-90% of the cellular expressed protein component at any one
time. Phosphorylation can alter proteins’ subcellular distribution, enzymatic activity
and specificity. Altered protein phosphorylation may correlate with disease states
such as cellular transformation. The analysis of phosphorylated proteins is therefore
of vital importance to the field of biology and in particular signal transduction.
Protein phosphorylation sites are increasingly investigated using mass spectrometric
methods, exploiting the inherent accuracy and sensitivity of these methods. However,
the presence of unphosphorylated peptides in enzymatic digests of proteins causes ion
suppression of phosphopeptides, reducing the effective sensitivity of detection; this
sensitivity is further decreased by the relative lability of the phosphate moiety in the
mass spectrometer and the occurrence of sub-stoichiometric modification, which
together further reduce the achievable sensitivity.
This study has examined techniques for the analysis of protein phosphorylation sites,
with particular emphasis upon mass spectrometry.

The technique of immobilised

metal ion affinity chromatography (IMAC) was investigated in detail as a method
suited to phosphorylation site analysis. IMAC exploits the relatively specific affinity
of phosphorylated peptides for metal ions, particularly Fe(III), to isolate
phosphopeptides upon a solid-phase affinity matrix, separating the suppressing nonphosphorylated component and allowing improved detection of phosphorylated
peptides. Conditions for the application of IMAC to phosphopeptide segregation have
been established and applied.
Using IMAC, protein phosphorylation site identification of both standards and signal
transduction mediators has been carried out. Apparent sequence-specific binding of
phosphorylated and non-phosphorylated peptides to IMAC resins has been found and
investigated.

IMAC methodology has been further improved to optimise

phosphopeptide analysis using mass spectrometry. The developed methods have clear
utility for phosphorylation site analysis, which is vital to the understanding of signal
transduction.
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Chapter 1: Introduction

Chapter 1: Introduction
L I Protein Phosphorylation
1.1.1 Phosphorylation as a highly prevalent post-translational modification
of proteins

Reversible modification of serine, threonine and tyrosine residues with phosphate is
arguably the most common post-translational modification, believed to affect 30-90%
of the total proteome. Phosphorylated serine, threonine and tyrosine residues have
been detected at a ratio of 1800:200:1 respectively in higher eukaryotic cells (Mann,
2002) (See Figure 1.1.1). Phosphorylation of histidine, glutamic acid and aspartic
acid residues has also been observed, although at a much lower frequency, and
histidine modification in particular plays an important role in prokaryotic twocomponent signalling (Klumpp, 2002a; Krishna, 1993; Steeg, 2003).

°
ATP ADP

?

r f^ [ r r
0
Ser

o = p -o
H 3 C ...O H ATP ADP H j C ^ O

[ T [^

O

Pj

pSer

Tyr

O
Thr

pj

TU

pThr

pTyr

Figure 1.1.1: Reversible modification of peptide side-chain hydroxyl groups with
phosphate
Phosphorylation reactions are catalysed by kinases and are usually dependent upon ATP, whilst
dephosphorylation is catalysed by phosphatases.
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Regulated modulation of protein phosphorylation is mediated by the opposing
activities

of specific

enzymes

(termed

kinases

phosphorylate or dephosphorylate specific targets.

and phosphatases),

which

Kinases alone have been

determined to represent 1.7% of the human genome (Manning, 2002), indicative of
the critical importance of these enzymes.

Amongst the protein kinases, a single

structural superfamily, the eukaryotic protein kinase domain (with a common 260
residue core domain), accounts for more than 90% of the kinase domains present
(Manning, 2002). The majority of protein kinases are broadly classified into Ser/Thrspecific kinases, Tyr-specific kinases and a smaller group of dual-specificity kinases,
which are capable o f phosphorylating both Ser/Thr and Tyr residues. Phosphorylation
of these different targets usually takes place via a common mechanism of yphosphoryl transfer from ATP (Hunter, 1991). Tyrosine kinases represent a smaller
family of enzymes than Ser/Thr kinases, the existence of which was discovered more
recently. Tyrosine kinases have proved particularly amenable to analysis, due to the
development o f highly effective phosphotyrosine-targeting tools following the
discovery of the importance of receptor tyrosine kinases in a number of cell growth,
proliferation and oncogenic transformation processes (Hunter, 1998). The diverse
roles of protein kinases mean that they can play an important part in the development
of diverse diseases.

Protein phosphatases are also classified according to their

substrate specificities, and three main families have been discovered, namely
phosphoprotein phosphatases (PPP), Mg(II)-dependent phosphatases (PPM) and
protein tyrosine phosphatases (PTP), which dephosphorylate phosphoserine/threonine
(PPP and PPM) and phosphotyrosine (PTP). These phosphatases are also subject to
regulation by phosphorylation, and play important roles in regulation of signalling and
therefore cellular biology. For instance, various phosphatases have been shown to
play an integral role in the regulation of apoptosis (Klumpp, 2002b; Zhang, 2002).

Protein phosphorylation represents a vital part of signal transduction, which can
modulate the activity of a variety of different enzymes.

The prevalence and

importance of phosphorylation means that developing an understanding of the
functional implications of site-specific phosphorylation events is a fimdamental aspect
of biological science.

17

Chapter 1 Introduction

1.1.2 Phosphorylation as a key modulator of protein functional behaviour

Post-translational modification by phosphorylation can affect target proteins in a
variety of ways to alter their catalytic behaviour (Cohen, 2000). Phosphorylation can
alter the catalytic activities of enzyme substrates, which may be kinases themselves
and hence can in turn affect other phosphorylation events. Phosphorylation events
therefore often form vital steps in complex signalling networks, which allow the
transduction of signals from distinct subcellular locations. For example, binding of
extracellular hormone ligands to their cognate receptors can induce controlled up- or
down-regulation of transcription of specific gene products through regulation of
catalytic activity via a complex and highly regulated pattern of phosphorylation,
dephosphorylation and crosstalk between different signalling pathways (Hunter,
1998). Phosphorylation can influence proteins’ subcellular distribution and plays a
role in modulating the degradation of specific targets, for instance, via the ubiquitinmediated proteasomal pathway, as in the case of
phosphorylated by

I-k B

I-kB ,

a protein which is

kinase and becomes targeted for ubiquitin-mediated

proteasomal degradation, allowing the release of the transcription factor N F - k B to the
nucleus, where it can activate gene transcription (Vermeulen, 2002).

Phosphorylation can have major effects upon the three-dimensional conformation of
proteins, inducing changes which can alter protein function and thereby modulate
many different aspects of cellular biochemistry (Johnson, 2001). Phosphorylation of
proteins can be initiated by a number of different stimuli. For instance, binding of a
ligand to its cognate receptor is a common initiation step in signal transduction
pathways (Hunter, 2000).

The earliest identified biochemical changes induced by

alterations in phosphorylation site patterns were mostly detected by changes in
enzymatic activity, exemplified by the regulation of the enzyme GSK-3 (glycogen
synthase kinase) (Ali, 2001). This is a key enzyme involved in a number of diverse
processes including regulation of glucose storage in response to insulin and neuronal
development.

Phosphorylation of GSK-3 p at Serg, a substrate site for PKB/Akt,

inhibits enzyme activity by behaviour of the phosphorylated region as a
pseudosubstrate,

consequently

blocking

the

kinase

catalytic

site,

whilst
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phosphorylation at Tyr2 i6 induces enzyme activation by an allosteric mechanism
(Doble, 2003; ter Haar, 2001).

Enzymatic dephosphorylation can also influence

catalytic activity. In the case of GSK-3p, the action of protein phosphatase 2A (a
Ser/Thr phosphatase) upon GSK-3p induces Serg dephosphorylation and thus
increases catalytic activity (Cohen, 2001), whilst PTP action upon Tyr2 i6 inhibits
enzymatic activity (Ali, 2001).

Changes at the level of phosphorylation can also induce altered complexation and
subcellular localisation of specific targets. Substrate proximity induced by altered
protein complexation or subcellular localisation can influence catalytic activity and
hence phosphorylation (Ceresa, 1998; Cohen, 2000; Dhillon, 2002). For instance,
tyrosine phosphorylation of the intracellular membrane-distal region upon the EGF
receptor mediates recruitment of SH2-domain-containing proteins such as Grb2 to the
phosphorylated receptor.

Grb2 can then in turn recruit other members of the

downstream signalling cascade to the membrane, forming an active signalling
complex which mediates phosphorylation of downstream signalling effectors
(Blagoev, 2003) (see Figure 1.1.2). Protein complexation also has a fundamental
effect on cellular activities. For instance, phosphorylation of the small eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1), a substrate of the mammalian target
of rapamycin (mTOR), following insulin receptor stimulation induces dissociation of
this protein from the complex formed with the translation initiation factor eLF-4E,
allowing free eIF-4E to form the larger eIF-4F translation initiation complex and
induce translation of 5'-CAP mRNA (Karim, 2001a; Proud, 2001). Gene expression
can also be modulated by protein phosphorylation, which can influence translocation
of specific proteins to the nucleus, where they induce altered transcription of specific
genes under the influence of various promoters.

Through such mechanisms,

phosphorylation-mediated signal transduction events influence the entire physiology
of the cell (Dunn, 2002a; Vogt, 2002).

The effects of protein phosphorylation upon the functional behaviour of proteins are
extremely varied, therefore understanding protein phosphorylation events is essential
for further elucidation of the mechanisms of signalling pathways and how aberrations
in these pathways can lead to the development of cancer and other disease
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phenotypes.

The identification of key alterations in phosphorylation site patterns

which are fundamental to the multi-step pathways of tumourigenesis will undoubtedly
provide new markers for diseases and even guide development of new diagnostics and
target-led drug design. In fact, with FDA approval of Gleevec, a chronic myeloid
leukaemia drug which targets a mutated version of the tyrosine kinase Abl, we are
entering a new age of anticancer drugs targeted at cell signalling events (Cohen,
2002ay
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Figure 1.1.2: The key importance of phosphorylation in the regulation of
cellular biochemistry. Schematic of an example signal transduction pathway
Binding o f the hormone Epidermal Growth Factor (EGF) to the extracellular domain o f the cognate
receptor EGFR causes receptor hetero- or homodimerisation and intramolecular tyrosine
autophosphorylation o f the cytoplasmic domain. EGFR phosphorylation recruits the adaptor protein
Grb2 via phosphotyrosine-binding SH2 domains and/or the scaffold protein She. Grb-2 then recruits
the Ras-GTP exchange factor SOS-1 (son o f sevenless) to the membrane, where it induces activation o f
Ras by exchange o f GTP for GDP. Activated Ras-GTP recmits and activates Raf and MEKKl kinases,
which in turn activate multiple MAP (Mitogen-activated protein) kinase pathways by phosphorylationdependent mechanisms. Activated MAP kinases translocate to the nucleus and induce phosphorylation
and heterodimerisation o f transcription factors such as Fos/Jun, which bind to AP-1 DN A regulatory
elements, inducing specific gene transcription (Immediate Early genes). This pathway can be regulated
by recruitment o f GAPs (GTPase-Activating Protein) to the receptor signalling complex which
promote the inherent Ras GTPase activity, hence downregulating signalling. Activated EGF receptor
also phosphorylates Gab-1, a scaffolding protein which is capable o f recruiting p85 adaptor subunits o f
Phosphatidylinositol-3-kinase (PI3K) and the p i 10 catalytic subunit, which phosphorylates inositide
substrates.
Phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) binds to and activates PDK-1
(phosphoinositide-dependent kinase), which phosphorylates and activates PKB/Akt. PDK activation is
inhibited by PTEN, which removes PIP 3 . Activated Akt regulates the activity and cellular localisation
o f substrates, e.g. Akt-activated kinases can phosphorylate I-kB, releasing NF-kB, which translocates
to the nucleus, where it upregulates specific gene expression. This simplified pathway illustrates the
complexity o f protein signalling and regulation as well as the vital importance o f phosphorylation
events in the cellular response to extracellular and intracellular stimuli.
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1.1.3 Signal transduction: the importance of phosphorylation in the
regulation of signal transduction cascades

Phosphorylation is a reversible event which influences cell biology by induction of a
wide array of functional effects upon substrates. In signalling pathways containing
multiple kinases, phosphatases and their substrates, which perform a wide variety of
different functions, regulation of each signalling element is vital to maintain control
of the behaviour of the cell. Unregulated signalling from anti-apoptotic pathways is
believed to be a common step on the pathway to tumourigenesis (Hanahan, 2000), and
has been implicated in the aetiology of many disease processes (Hunter, 1998). Since
many enzymes can catalyse multiple substrate conversions, the capacity for signal
amplification is immense, and ligand binding to cell surface receptors can
consequently trigger a wide variety of responses and downstream interactions (Figure
1.1.2). Amplification of growth-factor-initiated signal can be mediated by the release
of secondary messengers, such as Ca(II), induced by binding of phospholipase Cgenerated inositol 1,4,5-trisphosphate to gated receptors upon intracellular Ca(II)
stores. Such secondary messenger release is used to amplify signal, triggered by a
small number of binding events (Brini, 2000).

Tight regulation and control of signalling is therefore essential in order to mediate
correct responses. For instance, the product of the tumour suppressor gene PTEN is a
bifunctional phosphatase, which is capable of mediating both dephosphorylation of 3’
phosphorylated inositol phosphate lipids (its primary role), and a reported activity
against tyrosine phosphorylated targets (Li, 1997). Germline mutations of the PTEN
gene are found in Cowden’s disease, a cancer predisposition syndrome, and somatic
mutations of PTEN are associated with glioblastomas and prostate tumours amongst
others (Myers, 1997; Ramaswamy, 1999), and PTEN is the second most common
genetic defect observed in many human cancers (Li, 1997).
regulation of PKB/Akt by removal of the upregulatory

P IP 3

PTEN’s role in the
signal is vital for an

appropriate cellular response to an enormous variety of stimuli, including EGF
receptor stimulation (Figure 1.1.1). In the absence of active PTEN, signalling by
Akt/PKB is constitutively upregulated and can induce a multitude of inappropriate
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cellular responses (Ramaswamy, 1999).

Deregulation of protein phosphorylation

therefore plays an important role in the transition to a growth-factor independent state
which is one of the principal factors in tumorigenic cell survival (Hanahan, 2000).

1.1.4 Transience of protein phosphorylation in signalling cascades

Temporal regulation of phosphorylation is a vital aspect of signal transduction. Tight
control of the activation of certain steps in signalling pathways results in transient and
carefully controlled signalling with respect to time. Following stimulation of the cell,
signal typically persists for a brief period of time before inactivation. In the case of
transmembrane receptor-ligand-mediated stimulation, upregulatory signals are usually
only present for a finite period of time due to protein degradation of and endocytosis
of the receptor-ligand complex (Shtiegman, 2003). This transience is a vital facet of
cell signalling in order for the cell to maintain control over signalling cascades
(Hanahan, 2000), and sustained presence of the extracellular stimulus induces
different subcellular changes to those caused by transient signalling.

The

aforementioned transience of signal poses a problem for research into targets of
protein kinases, as the maximum possible phosphorylated signal stoichiometry is
desirable to maximise detection of modified kinase substrates.

The use of

phosphatase inhibitors such as okadaic acid and sodium orthovanadate in buffers
during sample preparation steps can reduce phosphatase activity, and these are
commonly

included

during

experiments

to

maximise

the

availability

of

phosphorylated substrate for analysis (Gordon, 1991; Hardie, 1991). The transient
nature of phosphorylation events in signalling cascades also means that the selection
of appropriate time courses, synchronisation of cell cycle point (by serum starvation
prior to stimulation) and the use of protease and phosphatase inhibitors during sample
preparation stages are all vital factors which must be considered in the analysis of in
vivo phosphorylation events.

In biochemical analysis of phosphoproteins, where signalling-directed sample
preparation protocols are employed, the absolute amount of a specific phosphorylated
substrate from a cell lysate may be insufficient for direct identification of novel
phosphorylation sites using the methods currently available. This analytical problem
may be due to the low copy-number of proteins of interest, as signalling proteins are
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frequently expressed at low levels (Smith, 2001), or due to phosphorylation-promoted
protein degradation.

To circumvent these problems and gain a high yield of

phosphorylated product, in vitro kinase assays using specific kinases and known
phosphorylation acceptors as positive controls are frequently carried out using fusiontagged target proteins generated by overexpression of recombinant fusion constructs
as an initial step in the identification of putative phosphorylation sites of interest.

Alternative strategies to such protein-specific phosphorylation site identification
studies can involve systematic identification of phosphorylated substrates.

For

instance, cultured cells can be subjected to metabolic labelling of proteins using [^^P]
or [^^P]-sodium orthophosphate which allows subsequent autoradiographic detection
of the phosphorylated proteins (Boyle, 1991; Duclos, 1991; Haystead, 1999;
Vanderwerf, 2002). The use of appropriate timepoints and phosphatase inhibitors can
maximise the yields of phosphorylated substrate in such experiments (Hardie, 1999b).
Other generalised phosphoprotein detection strategies involve the use of generalised
antisera

directed

against

phosphorylated

amino

acids

for

immunoaffinity

chromatography of proteins phosphorylated at such sites (Astoul, 2003; Gronborg,
2002; Kaufmann, 2001), and affinity chromatography or chemical derivatisation
strategies.

These experimental strategies have the advantage that they are not

inherently biased towards detection of particular phosphorylation sites, and also that
multiple samples can be compared (for instance by Western blotting using a
phosphorylation-specific

antibody,

the

timecourse

of

phosphorylation

dephosphorylation under specific stimulations can be determined).

and

However,

identification of the specific phosphorylation sites within the entire protein is
frequently a complex task, particularly when the nature of the kinase involved, and
hence

its

consensus

substrate

sites,

are

unknown.

Strategies

applying

phosphorylation-specific affinity pulldown for mass spectrometric detection in the
identification of phosphorylation sites will be further discussed to evaluate the
different methods currently available (Section 1.3.7).
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1.1.5 Heterogeneity and stoichiometry of protein phosphorylation

As mentioned above, an important influence upon the availability of phosphorylated
substrate for analysis is the absolute amount of an individual phosphorylated site
within a target protein. From the cellular pool of a given substrate, only a small
percentage of a protein target may be available to behave as a substrate and hence be
phosphorylated in a given set of cellular conditions. This can be either as a result of
the kinetic profile of the kinase, the action of phosphatases, or due to the existence of
multiple pools of substrate in distinct subcellular locations (and hence substrate
accessibility for the protein kinase). Where multiple signalling cascades converge at a
particular substrate, different kinases may phosphorylate distinct sites, and
phosphorylation by a particular kinase at specific sites may influence further
phosphorylation, dephosphorylation and degradation events (Bech-Otschir, 2002;
Cohen, 2002a). Kinases and phosphatases are capable of behaving in a hierarchical
fashion (Klumpp, 2002b), for instance, in order for the majority of GSK-3P substrates
to be amenable to GSK-3 p-mediated phosphorylation, they must be prephosphorylated by a ‘priming’ kinase at a Ser/Thr four residues C-terminal to the
substrate Ser/Thr residue (Cohen, 2001).

Phosphorylated proteins will therefore

frequently exist as a heterogeneous mixture of multiple phosphorylated forms.
Separation of these phosphorylated isoforms, for instance using 2-dimensional thinlayer chromatographic separation of radiolabelled phosphopeptides, can assist in
determining the stoichiometry of modification (Cooper, 1991; Sefron, 1991).
Heterogeneity of substrate, sub-stoichiometric phosphorylation and the inherent limits
of the resolution of the separation method used all contribute to reduce the practical
available yield of the modified residue, making identification of phosphorylation sites
yet more difficult.

1,2 Methods fo r Protein Phosphorylation Analysis
The experimental elucidation of phosphorylation events requires the use and
development of methods to identify the modified residues and study metabolic
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changes in this dynamic physiological process.

However, the relative rarity of

phosphorylated residues in comparison to unphosphorylated residues and the low
copy-number of many proteins of interest (Gygi, 2000), means that in spite of the
prevalence of phosphorylation, the experimental detection and identification of
phosphorylation events is not a straightforward matter.

Various biochemical

strategies to specifically detect and analyse protein phosphorylation have been
employed to tackle this challenge, each method with unique advantages and
disadvantages (Sickmann, 2001).

Where a phosphorylated substrate and its cognate kinase have been indicated by
initial studies, common steps to identify the phosphorylation sites are overexpression
of the substrate, in vitro kinase assay and sequencing by Edman degradation or mass
spectrometry. Traditional experimental strategies will be discussed further herein,
whilst mass spectrometric approaches for protein phosphorylation analysis are
addressed in Section 1.3.

Following identification and confirmation of phosphorylation sites, site-directed
mutagenesis is a vital experimental procedure to allow fimctional analysis of the
effects of phosphorylation. A high level of phosphorylation is present in the cell,
consequently not every phosphorylation event can have a fimdamental functional
effect upon cellular metabolism, and a high level of functionally ‘silent’
phosphorylation events is likely to exist (Cohen, 2000).

Mutational analysis of

putative phosphorylation sites to identify functional cellular implications of
modification can elucidate the role of particular phosphorylation events, and also
allow in vitro analysis of the functional effects of the mutation upon the encoded
protein.

Mutation of serine or threonine residues to aspartic or glutamic acid to

emulate phosphorylation or mutation of Ser/Thr to Ala or Tyr to Phe to block
phosphorylation is routinely carried out.

Making a constitutively activated or

dominant negative construct allows dissection of the role and relative importance of
individual phosphorylation sites within proteins where multi-site phosphorylation
takes place (Cohen, 2000), and is an important experimental strategy in the functional
correlation of protein phosphorylation with disease (Boyle, 1991).
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1.2.1 The use of phosphate radioisotopes

The radioactive phosphorus isotopes

and

can be incorporated as markers of

phosphorylation into proteins from y-labelled adenosine triphosphate ([y-^^P]-ATP) by
in vitro kinase assays or as radiolabelled orthophosphate during in vivo metabolic
labelling experiments (Bond, 1999; van der, 1994). These radioisotopes are easy to
incorporate and detect, are relatively inexpensive and have well-understood
properties.

The half-life of ^^P, is 14.8 days, whilst that of ^^P is 25.4 days, so

analyses can be carried out over practical timescales. The high sensitivity of detection
also enables low-copy-number proteins and low-stoichiometry phosphorylation events
to be observed, although the observation of such events in vivo may require vast
amounts of ^^P, necessitating the use of the lower-energy /3-emitter ^^P (jS-particle
energies: ^^P 1.71 MeV, ^^P 0.25 MeV). The main disadvantages are related to user
safety: ^^P is a high-energy beta-particle emitter, therefore shielding behind

1

cm

thick Perspex and personal dosage monitoring are mandatory, ^^P is a safer choice but
is more expensive and less sensitive than ^^P, and detection times will therefore be
longer for ^^P-labelled proteins. Dedicated instrumentation is required for analysing
radioactive substrates, and if unavailable, parallel cold studies must be performed. As
long as safety measures are observed, however, radionuclides provide a specific, rapid
and sensitive method of detecting phosphorylation.

Radioisotope-labelled substrates can be detected using photographic film or
phosphorimaging screens following TLC or polyacrylamide gel electrophoresis. Such
methods provide a quantitative method to estimate phosphate incorporation. Direct
counting of incorporated high-energy radionuclide can be carried out using a
scintillation counter, as in Cerenkov counting (Link, 1999), measuring directly the
light emitted when p-particles from the radionuclide displace electrons from atoms
within their paths. The resultant electronic emission is detected in liquid scintillation
counters using a photomultiplier tube, detecting the subsequent Cerenkov radiation.
The efficiency of detection is higher when liquid scintillation cocktails are used, and
is dependent upon the refraction index of the medium (1.33 for water), but for a highenergy p-emitter such as

measurement of Cerenkov radiation is routinely carried

out using standard counters upon aqueous solutions without cocktail addition allowing
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further biochemical treatment of the samples (BenZikri, 2000). A major caveat to the
use of

labelling for in vivo metabolic labelling o f protein phosphorylation sites is

the influence of radioisotope labelling upon the regulation of cellular processes and
hence artefactual alteration of protein phosphorylation. For instance, in experimental
studies, expression of p53, a protein intimately involved in the cellular response to
DNA damage, has been found to be aberrantly upregulated at both the protein level
and by increased phosphorylation during some experiments employing

labelling

(Bond, 1999). Data from such radioisotope labelling experiments must therefore be
interpreted with care.

1.2.2 Protein sequencing by Edman degradation

Protein sequencing by Edman degradation has for many years been the routine
method used for determination of polypeptide primary structure and is still used in
many laboratories to precisely determine sites of phosphorylation. The use of phenyl
isothiocyanate to sequentially derivatise and identify amino acid sequences was
devised by Per Edman (Blomback, 1966). The technique was adapted to allow rapid,
automated determination of peptide sequences (Niall, 1967) and was improved to
allow gas-phase sequencing by Leroy Hood, this method was subsequently
commercialised under the auspices of Applied Biosystems (Hood, 2002). Peptide Ntermini act as nucleophiles upon thiocyanate under mildly basic conditions, forming a
phenylthiocyanate derivative (PTC-polypeptide).

Treatment with mild acid then

induces nucleophilic attack of the sulphur atom upon the aminoacyl carbonyl,
releasing the N-terminal cyclised amino acid derivative. The derivatised amino acid
is then detected using HPLC and UV detection. Multiple cycles of derivatisation and
release enable the determination of the N-terminal sequence of the polypeptide.
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Figure 1.2.1 The Edman reaction
Subsequent cycles o f modification, release and HPLC detection allow the identification o f numerous
residues from polypeptides.
The PTH-amino acid derivative is detected follow ing HPLC by
monitoring the U V absorbance o f the eluate, each amino acid has a distinct HPLC elution time.
Adapted from Stryer, Biochemistry, 5* Edition, 1995.

Repeated cycles of Edman degradation and HPLC characterisation allow sequencing
of relatively long polypeptides (10-50 residues) (Edman, 1968; Fraser, 1970), and has
been successfully used in the identification of many proteins (Doolittle, 1983;
Prusiner, 1984). Protein digestion using site-specific proteases such as trypsin and
chromatographic separation of the resultant peptides is carried out prior to analysis
using the Edman reaction. This aids in increasing the amount of sequence accessible
to Edman degradation, particularly as digestion removes the problem of N-terminallyblocked proteins which are not amenable to Edman analysis, and represent ~ 1/3 of the
protein complement of the genome (Prusiner, 1984).

The parallel use of several

enzymes to generate overlapping peptides helps to piece together the location of
peptide sequences within the polypeptide chain, although de novo sequencing of the
entire polypeptide chain remains difficult. In the case of the identification of protein
phosphorylation sites, the PTH derivatives of phosphoserine and phosphothreonine
give indistinct chromatographic peaks (Liao, 1994), therefore the protein of interest
must be labelled with ^^P or ^^P, digested and the radiolabelled peptides isolated by
HPLC prior to Edman degradation. Each cycle of Edman degradation can then be
monitored using Cerenkov monitoring of the HPLC flowthrough in addition to the
UV detection to determine the modified amino acid(s). The identified radiolabelled
cycle number corresponds directly to the location of the residue which is
phosphorylated within the polypeptide sequence (Campbell, 2002; MacDonald,
2002).
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Although the Edman method has been successfully carried out in many cases, there
are inherent difficulties involved in the use of Edman sequencing for the analysis of
phosphoproteins.

Proteins where the N-terminal polypeptide is ‘blocked’, (for

instance by acétylation), as previously mentioned, cannot be directly N-terminally
sequenced using Edman and must be digested and separated by HPLC prior to
analysis. Sensitivity is also a major issue with Edman methods. Although Cerenkov
counting or phosphorimaging can detect as little as 50 cpm of incorporated ^^P upon a
polypeptide, Edman degradation relies on UV detection, which cannot reliably be
used below the picomole level (Campbell, 2002; Wettenhall, 1991).

Edman

degradation, although automated, is also time-consuming, as each round of
degradation requires an HPLC run for amino acid detection of the products.
However, it remains a mainstay for phosphorylation site analysis given the high
sensitivity of Cerenkov counting. Indeed, an algorithm using Cerenkov counting in
conjunction with Edman degradation to identify novel sites of phosphorylation on
proteins with known sequence upon the basis of the cycle number in which
radioactivity is detected has been developed recently (MacDonald, 2002). In general,
Edman degradation lacks the sensitivity to directly infer phosphorylation sites without
large amounts of sample, unless protein identity is known and radioisotope
incorporation is carried out. The number of laboratories having facilities and skilled
staff to carry out Edman degradation is also declining, largely as a result of the
increased sensitivity, flexibility and ease of use of modem tandem mass
spectrometers, which shall be discussed in Section 1.3.

1.2.3 Thin-layer chromatography

Thin-layer chromatography, as developed and commercialised by Tony Hunter, relies
on the differential electrophoretic and chromatographic mobility of peptides of
different sequences (Blume-Jensen, 2001).

Briefly, the protein of interest is

radiolabelled using ^^P or ^^P, either in vivo or in vitro, the protein is separated using
ID-electrophoresis and detected by phosphorimaging, and the gel band containing the
radiolabelled protein of interest is excised. The gel-separated protein is then digested
using a site-specific endoprotease such as trypsin (peptide TLC) or using 6N HCl to
degrade the protein to its substituent amino acids for amino acyl TLC. The resultant
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phosphorylated peptides or amino acids are separated from one another by twodimensional chromatography, separating first in one direction by electrophoresis and
then at 90° by electrophoresis or chromatography (Figure 1.2,2).

Phosphorylated

amino acids are identified by comparison to the separation of standard synthetic
phosphoamino acids. In order to determine the precise sites of phosphorylation of
TLC-separated phosphopeptides requires either Edman sequencing or comparison
with parallel TLC data from site-directed mutants to determine precise sites of
phosphorylation. Phosphopeptide mapping by these methods has been used routinely
to identify changes in phosphorylation site patterns downstream of various signalling
pathways (Fadden, 1997; Gingras, 2001b; Karim, 2001b). Because of the ease and
sensitivity of autoradiographic detection of phosphate radioisotopes, the limits of
detection are inherently low (depending upon exposure time), and the detection of
phosphoamino acids identities is unambiguous because internal standards are used.
However, phosphorylation site mapping is reliant on either downstream analysis by
Edman degradation, comparison to site-directed mutants or mass spectrometry,
further restricting sensitivity.

Furthermore, Edman analysis of phosphorylated

peptides from thin-layer plates may not always be sufficiently sensitive to detect all
peptides of interest, and the use of radionuclides cannot be avoided.
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Figure 1.2.2: Thin-layer chromatography/electrophoresis for the analysis of
phosphoamino acids and phosphopeptides
^“P-labelled sample is spotted onto the thin-layer electrophoresis plate at the origin (+) and
electrophoresed in pH 1.9 buffer. After 25 min at 1.5 kV, the TLC plate is re-equilibrated in pH 3.5
buffer, before rotating the plate 90° and electrophoresing. Alternatively the second dimension can be
carried out by chromatography in a mixture o f pyridine, butanol, acetic acid and water.
Autoradiography is used to detect the radiolabelled phosphoamino acids and phosphopeptides,
unlabelled standards are detected using staining with ninhydrin. The stained plate is then lined up with
the phosphorimage to indicate the modified residues. Resolved phosphopeptides can be sequenced
using standard methods or compared to the parallel TLC profiles o f site-directed mutants. A single
electrophoresis plate can separate four samples concurrently due to the constraints o f resolution.
Reproduced from Boyle et a i, “Phosphopeptide mapping and phosphoamino acid analysis by twodimensional separation on thin-layer cellulose plates”. Methods Enzymol., 1991.

1.2.4 Phosphorylation-specific antibodies

Immunohistochemical methods have long been used to identify protein products o f
interest. Antigen-specific antisera have been raised against thousands o f targets and
are widely commercially available for use in Western blotting, immunocytochemistry
and immunoprécipitation.

For analysis o f phosphorylation,

in cases where

phosphorylation sites are known for a particular protein o f interest, synthetic peptide
antigens can be used to immunise animals against the specific phosphorylated peptide
o f interest, and polyclonal antisera is affinity purified from serum.

M onoclonal

antibodies can be generated by fusion o f antibody-producing B cells with
immortalised lymphoma cell lines to generate hybridomas, a clonal population o f cells
producing high levels o f a single antibody.

Antibody generation is expensive and

time-consuming,

difficult

and

is

a

particularly

process

when

applied

to
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phosphopeptides, but where good antibodies are generated they can be extremely
valuable research tools. Biochemical strategies carried out using phospho-specific
antibodies against phosphopeptides have been used to find novel targets of
phosphorylation in ‘fishing’ experiments. For instance, in a recent paper by Astoul et
al, in which an antibody raised against a phosphopeptide fi*om GSK-3a, which is
modified specifically by Akt, was used to probe stimulated T-cells for proteins
containing similar Akt-phosphorylated sequences. This approach identified the
protein SLY as a novel substrate for Akt/PKB phosphorylation in activated T-cells
(Astoul, 2003). In general, phosphoserine and phosphothreonine have proved to be
poor epitopes for antisera generation, evidenced by the lack of a generalised antibody,
which would recognise all such modified phosphoproteins, and extra sequence
information is required to generate useful antibodies.

An approach using PKA-

directed polyclonal anti-pSer/Thr-Pro antibodies to affinity-purify and identify a
novel PKA substrate, Frigg, in HeLa cells was recently published (Gronborg, 2002).
However, this approach lacks general applicability for the identification of other
phosphorylated substrates which are not in PKA-phosphorylated Ser/Thr-Pro motifs.
Since anti-pSer/Thr antibodies currently do not provide an effective pan-specific
method for phosphorylation site detection, site-directed mutagenesis and/or ^^P
labelling techniques have until recently been the main tools for the identification of
novel Ser/Thr protein phosphorylation sites.

The relatively larger antigenic epitope represented by phosphotyrosine has allowed
the generation of highly-specific anti-phosphotyrosine antibodies. Many proteomic
studies have used commercial monoclonal anti-phosphotyrosine antibodies such as
4G10 (Upstate Biotechnology) or pY99 (Santa Cruz) to identify global alterations in
the tyrosine phosphorylation pattern of cellular proteomes downstream of specific
stimuli. Although this approach has proved useful for the identification of novel
tyrosine-phosphorylated substrates (Kaufmann, 2001; Maguire, 2002), the fact that
only 0.05% of phosphorylation events occur at tyrosine residues (Mann, 2002) limits
the overall utility of these approaches for proteome (protein complement to the
genome)-wide studies for the identification of phosphorylation sites. In addition, no
information about the site of modification (other than the type of residue it occurs
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upon) is typically indicated by such approaches and further investigation is always
required to identify the site(s) precisely.

Antibody-based methods for phosphorylation site identification are ultimately limited
by the requirement for some prior knowledge of the phosphorylation site, and the
availability of antisera of sufficient specificity, affinity and ability to be used in
different types of analysis (Western blot, immunoprécipitation, immunofluorescence
etc.).

Where specific phosphorylation sites are unknown for a particular protein,

alternative approaches must be considered.

1.2.5 Two-dimensional gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
widely-used method of separating molecules upon the basis of their molecular weight.
Polyacrylamide gels are most commonly used in protein electrophoresis as they
provide a separating matrix whose composition is readily adjustable by altering the
acrylamide percentage o f the gel to optimise the range of protein molecular weight
separation. Sodium dodecyl sulphate (SDS), a negatively charged detergent, is used
to unfold, remove 3-dimensional structure of, linearise, solubilise and charge the
proteins. The net charge of the protein depends upon the number of SDS molecules
bound to the protein, which will determine its relative electrophoretic mobility. The
electrophoretic mobility of a protein will therefore be determined as a result of the
ratio of net charge: protein size, and a larger protein will migrate more slowly than a
smaller one (Voet, 1995). As proteins will begin to electrophorese upon introduction
to the gel, a low-percentage acrylamide ‘stack’ is used to ensure that all proteins enter
the resolving gel at the same time and are hence maximally resolved.

The simplest and most popular method of SDS-PAGE is one-dimensional
electrophoresis, where multiple protein samples are run in parallel lanes on a single
gel, allowing comparison between different samples. The electrophoretic mobility of
some hyperphosphorylated proteins can be significantly altered, and a band shift to a
higher molecular weight can be seen as a result of phosphorylation. For instance, in
hyperphosphorylated retinoblastoma protein a portion of the protein shifts to a higher
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molecular weight band following phosphorylation (Solomon, 2003). In order to gain
more

information

about

a protein-containing

sample,

two-dimensional

gel

electrophoresis (2DE) has become increasingly popular over the last few years, as the
technology and availability o f commercial pi separation methods has improved the
reproducibility of 2DE (Fey, 2001).

2DE exploits the natural diversity of isoelectric points (pi values) of different proteins
to gain an extra dimension for separation.

Protein samples are first separated

according to their isoelectric point before being separated according to their molecular
weight in the second dimension. This popular method allows very high resolution of
proteins (2-3000 spots can be seen upon a single gel), although each spot does not
necessarily equate to a single protein, and the presence of multiple splice variants,
post-translational modifications and degradation products means that multiple spots
are frequently observed for a single gene product (Klose, 1999b). Improvements in
gel technology, such as the recent introduction of narrow-range isoelectric focussing
gels, larger gels and improved staining methods all increase the ability of 2DE to
identify relatively low copy-number proteins, but the dynamic range of the process is
inevitably limited by the saturating concentration of a relatively small number of
proteins of very high copy number, (such as heat-shock proteins in most tissues, or
albumin in serum-related samples). Therefore, fractionation processes are also a vital
part of the identification of proteins using electrophoretic techniques, with subcellular
fractionation being a common addition to the protocol, that can address more
interesting biological questions (Klose, 1999a), such as elucidation of alterations in
protein subcellular localisation (Gygi, 2000).

Visualisation of proteins in ID and 2D electrophoretic gels can be achieved using
several methods. Autoradiographic or phosphorimaging detection of

or ^^S-

methionine-labelled proteins from in vitro or in vivo radiolabelling experiments can
be used to detect labelled proteins. Western blotting and immunodetection of proteins
using specific antisera can detect those proteins which are recognised by the antisera.
Proteins can be detected by the use of staining techniques following electrophoretic
separation or electroblotting. Staining techniques rely upon the interaction of dyes
with protein molecules. The most popular staining methods employ the Coomassie
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Brilliant Blue dye or silver nitrate.

Coomassie dyes (both R-250 and G-250) are

sulphonates, and are therefore believed to interact with proteins via basic residues
(lysine and arginine). Silver staining is more sensitive than Coomassie (detects low
nanogram amounts of protein), and is believed to detect proteins by interacting with
basic lysine and arginine sidechains, although the precise mechanisms have not been
fully understood (Dunn, 2002b; Patton, 2000). However, caution must be exercised
as in the case of acidic proteins, such as phosphoproteins, silver staining is not linear
with respect to protein concentration. Other common methods use covalently-bound
fluorescent dyes, such as Sypro Ruby, which again reacts with basic residues (Patton,
2000), or the Cy-based dyes available from Amersham, which label lysine residues
(Gharbi, 2002). Although fluorescence detection methods enable quantitation over a
wider dynamic range than silver staining, fluorescent dyes are relatively expensive
and require the use of specialised imaging equipment. Negative staining using zincimadazole, which only reacts with ‘blank’ regions of the gel not containing protein,
has also given good results for some groups (Gauss, 1999; Jensen, 1999), but the
method has been slow to gain popularity, partially due to the lower contrast gained in
comparison to positive-staining techniques, and the lack of stability of the stained gel
in comparison to that of silver staining protocols. This method has, however, been
found by some groups to give higher sequence coverage for mass spectrometric
measurements than silver staining (Castellanos-Serra, 2001).

In 2DE analysis, a protein which shows heterogeneous post-translational modification
such

as

sub-stoichiometric

phosphorylation,

will

produce

multiple

‘spots’,

corresponding to the altered pi and molecular weight of the different isoforms. For
instance, the highly heterogeneous glycoprotein crystallin, which is a major
component of the eye lens, is known to run at a number of different positions upon 2D
gels (Zhang, 2001).

Although the alteration of protein molecular weight upon

phosphorylation is not always sufficient to significantly influence the molecular
weight at which the protein runs under the normal conditions used in 2DE, the change
in pi is frequently sufficient to allow separation in terms of pi for differently
phosphorylated forms of a protein. Typically phosphorylated proteins are seen on 2D
gels as ‘trains’ of spots, with the most acidic spots corresponding to the most highly
phosphorylated state of the protein (Cooper, 1991; Eriguchi, 2002). To identify gel-
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separated proteins, gel pieces containing the proteins of interest are routinely excised
and enzymatic digestion of the gel-separated proteins to yield polypeptides is carried
out. The products of enzymatic digestion typically fall within a molecular weight
range of 800-3000 Da, which is ideal for protein identification and further
characterisation by mass spectrometry.

1.3 Analysis o f Biological Macromolecules by Mass Spectrometry
The essential importance and contribution of mass spectrometry to modem biological
sciences was recently recognised in the award of one-half of the 2002 Nobel prize for
Chemistry to John Fenn and Koichi Tanaka for their achievements in the
“development of soft desorption ionisation methods for mass spectrometric analyses
of biological macromolecules” *. It is becoming increasingly apparent that, in this era
of post-genomic science, the mass spectrometer is amongst the most vital tools for
analysis of the proteome (Steen, 2002b), which is generally defined as the protein
expression profile of a given cell type under a particular set of circumstances
(Pennington, 1997). A single organism therefore may have multiple proteomes, in
contrast to its single genome. For example, different tissues within an organism share
an identical genome whilst different protein expression profiles induce distinct
phenotypes, such as the different morphologies of the liver and heart. Whilst all mass
spectrometers share the fundamental principle of measurement of the mass of gasphase ions, as illustrated in Figure 1.3.1, there are many variations on the methods of
ionisation, mass analysis and ion detection (Dass, 2001).

In this section, some

essential principles and methods of modem biological mass spectrometry such as
those used in proteomic analyses will be described, detailing relevant methods to this
study. Some applications of mass spectrometry to proteomic analysis and for the
analysis of protein phosphorylation will also be explained.

1.3.1 Basics of mass spectrometry

Ionisation
In order to be able to analyse atoms and molecules by mass spectrometry they must
first be introduced to the gas phase and ionised.

The first positive ray analyser

Royal Swedish Academ y o f Sciences, 2002
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developed by J J Thompson in 1913 relied on the same principle as that of all modem
mass spectrometers: the generation of gas-phase ions, which allows their separation in
an electrical field and subsequent detection according to their different mass-to-charge
ratio {m/z). In Thompson’s positive ray analyser differential detection is based upon
the effect of m/z upon the trajectory of the ions in a uniform electro-magnetic field
(Mamyrin, 2001).
Components o f a mass spectrometer

Role in mass analysis

Source

Generation
o f gasphase ions

Mass analyser

Detector

A nalysis o f ions according
to their mass-to-charge
ratio
Detection ~ I
o f ions /

X
PC

Figure 1.3.1:
spectrometer

Interface for
control o f MS
and data
handling

Schematic diagram of the basic components of a mass

A ll m odem mass spectrometers consist o f a source, where gas-phase ions are generated, a region where
these ions are analysed upon the basis o f their mass-to-charge (m/z) ratios and a detector to measure ion
intensities. These components are controlled by a computer, which also acts as an interface for data
handling.

More recently, various different methods have been developed for the generation of
gas-phase molecular ions. These include the use of an electric field to gain analyte
ions from a solid-phase support (field desorption FD), the bombardment of a solidphase sample with a beam of electrons (electron ionisation, El), gaseous ions
(chemical ionisation. Cl), high-energy gas atoms (fast atom bombardment, FAB) or
high-energy ions (plasma desorption, PD) (Dass, 2001; Grayson, 2002). These older
ionisation techniques are extremely high-energy processes, and analysis of biological
macromolecules is not generally possible using such high-energy ionisation as a
consequence of the high rate of analyte ion fragmentation.

In general, the more

popular ionisation techniques in modem biological mass spectrometry are ‘softer’
methods, where the rate of energy transfer to the analyte is relatively low, and the
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internal energy of the generated ions is concomitantly low. However, this also means
that little ion jfragmentation occurs without the introduction of further internal energy,
for example through gas-phase or surface collisions of analyte molecular ions. The
generation of intact molecular ions of large mass-to-charge {m/z) values is a key
factor in the analysis of biological macromolecules, soft ionisation methods shall be
discussed in detail below.

Mass analysis
Mass analysers provide the means to distinguish molecular ions upon the basis of
their m/z ratio. This is achieved through the use of a variety of methods, depending
upon the type of instrument. Time-of-flight analysers separate ions according to the
velocity acquired in the acceleration region of the ion source, which is directly related
to their m/z, whilst quadrupole mass analysers separate ions based upon their different
(w/z-dependent) trajectories within a radioffequency/direct current (rf/dc) field.
Quadrupole ion traps are akin to an enclosed quadrupole, and separate and store ions
based upon maintaining stable trajectories, again using an rf/dc field. The FourierTransform Ion Cyclotron Resonance (FT-ICR) mass analyser uses a strong magnetic
field to control the trajectories of ions, measuring ion intensity according to their
resonance frequency within the magnetic field. These methods will be discussed in
turn.

Detection
Once ions have been distinguished upon the basis of their different m/z ratios, a
detector is required to convert the ion population counts into a visual measure of ion
intensity.

Modem time-of-flight and quadrupole instruments are equipped with

multichannel plate detectors, which convert the signal generated by ions into an
electronic signal which is sent to the data processing system.

The sheer variety of different instrument types and ionisation processes used in mass
spectrometry has led to publication of a huge number of experiments describing
optimisation and use of different aspects of the mass analysis by alteration of the
combination of various components of instmmentation. The instmments and methods
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used within this study, and others not used but pertinent to phosphorylation site
analysis by mass spectrometry, will be described in more detail.

1.3.2 Matrix-assisted laser desorption/ionisation

The technique of matrix-assisted laser desorption/ionisation (MALDI) emerged from
studies which employed the earlier ionisation method of laser desorption/ionisation
(LDI), and was developed in 1987-88 by Karas and Hillenkamp (Karas, 1988). This
method exploits the ability o f small organic acid molecules to absorb laser energy and
become desorbed from a target surface upon laser irradiation. Analyte molecules co
crystallised in the large molar excess of the matrix desorb, assisted by the matrix, to
generate gas-phase ions.

The precise mechanism of the transfer of energy and

ionisation of the analyte remains a matter of debate and research into the ionisation
mechanism is still an important area in MALDI, which is discussed in a number of
publications (Dreisewerd, 2003; Ehring, 1992; Karas, 2003).

In general, after the matrix-co-crystallised MALDI sample has been desorbed using a
laser pulse, ions are accelerated into the analyser using a potential gradient (Figure
1.3.2).

Although in early instrumentation a constant electrical field induced

immediate ion extraction, use of a delayed ion extraction region improves the
resolution of the molecular ions gained significantly, and has been widely adopted in
later commercial instruments (Brown, 1995; Burlingame, 1996; Juhasz, 1996;
Whittal, 1995).

Although MALDI is described as a ‘soft’ ionisation technique,

fragmentation of ions still occurs as a product of the internal energy arising from the
desorption/ionisation process.

This metastable decay is exploited in post-source

decay analysis, which can be used for peptide sequence determination.

Matrices for UV MALDI (i.e. MALDI using UV laser desorption) are generally small
organic

acids,

such as a-cyano-4-hydroxycinammic

acid

(HCCA)

dihydroxybenzoic acid (2,5-DHB) (Stimson, 1997; Strupat, 1991).

or 2,5-

These are the

most widely used matrices for standard peptide MALDI as they are capable of
assisting the ionisation of molecules with a wide range of properties. 2,5-DHB is
particularly suited to the analysis of phosphorylated peptides as it is considered to be a
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‘cool’ matrix, that is, it shows a relatively low rate of transfer of laser energy to
analyte in comparison to HCCA. This means that peptide ions generated using 2,5DHB will have a lower rate of metastable decay. For the analysis of labile posttranslational modifications such as phosphorylation, the use of ‘cool’ matrices such as
2,5-DHB therefore allows more facile detection of intact phosphopeptide ions, which
have a higher signal-to-noise ratio than where ‘hot’ matrices are used. ‘Hot’ matrices
are defined as matrices which transfer energy rapidly to analyte.

This increased

energy enhances the rate at which metastable decay occurs and hence increases the of
analyte fragmentation (Karas, 1995). In post-source decay experiments where peptide
fragmentation is used to gain structural information, a ‘hot’ matrix such as HCCA is
optimal.

Most commercially available MALDI mass spectrometers utilize N] lasers, which
emit photons in the UV region of the spectrum (337 nm). Other lasers which have
been applied to MALDI processes include Erbium-Yttrium-Aluminium-Garnet (ErYAG) IR lasers (2.94 pm), neodymium-YAG (355 nm) and TEA (transverselyexcited, atmospheric-pressure) CO2 (10.6 pm) lasers are also used by some research
groups (Dass, 2001).

The use of ER lasers allows even lower energy transfer to

analyte, which makes these instruments particularly well-suited to the analysis of
labile molecules and of post-translational modifications such as the glycosylation and
phosphorylation of peptides and proteins. However, this occurs at the expense of a
very high rate of ablation, meaning that sample is so rapidly desorbed that frequently
only a single laser pulse can be fired at a particular position before the entire sample is
ablated (Cramer, 1998; Cramer, 2000). To date these laser sources have also been
relatively expensive, less robust and less user-friendly in comparison to conventional
N 2 lasers and have consequently been slow to gain widespread usage.
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Figure 1.3.2: Schematic of the MALDI process
In matrix-assisted laser desorption ionisation, the analyte is generally mixed on a stainless steel target
with a large molar excess (-10'*) o f organic matrix. A pulsed laser beam is then used to irradiate the
surface o f the target in the source chamber (under vacuum). Matrix compounds are chosen for their
absorption o f light at the emission wavelength o f the laser (most commonly in the UV range) and for
their analyte ionisation support capabilities. The laser pulse generates a plume o f gas-phase molecules
from which ions are extracted under a voltage gradient into the mass analyser.

Further innovations in LDI which are also in direct competition with MALDI have
come in the form o f desorption-ionisation on silicon (DIOS), a method which uses
porous silicon surfaces as a substrate for direct laser desorption/ionisation in the
absence o f matrix (Wei, 1999). This method makes the low-mass region amenable to
analysis by mass spectrometry, whilst in MALDI experiments this region is
characterised by the presence o f low-mass matrix ions. Refinement o f this method is
required for commercialisation and general acceptance, and the mass range amenable
to analysis is currently limited in comparison to that o f MALDI (Dreisewerd, 2003).
Another

extension

of

the

M ALDI

technique

is

Surface-Enhanced

Laser

Desorption/Ionisation (SELDI), commercialised by Ciphergen, where analyte affinity
matrices are covalently linked to the target surface (such as peptide arrays for
interaction studies or antibodies for immunoaffmity pulldown) and used for affinity
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capture of molecules of interest. This has come to be accepted in clinical diagnostic
use for the non-specialist laboratory (Wright, Jr., 2002).

Overall, the technology of MALDI and the extension of MALDI-based methods to
increase the range of molecules which can be analysed means that the already
widespread acceptance of MALDI is still growing. A major advantage of using this
ionisation technique is the speed of acquisition and the low-level sample consumption
of MALDI. This means that multiple experiments can be carried out upon the same
sample at different times, and the sample can be returned to for further analysis
following data processing.

In online LC-MS/MS-type experiments this cannot be

achieved. Indeed, the ease of use, robustness of instrumentation and simplicity of
sample preparation make the MALDI technique the ideal choice for the non-mass
spectrometry laboratory interested in beginning to work with mass spectrometric
methods.

1.3.3 Electrospray ionisation

ESI was developed in 1988 by Fenn et al (Fenn, 1989), and arose from the earlier
method of thermo spray ionisation. ESI allows the generation of intact molecular ions
from liquid phase samples. The liquid sample, which is typically dissolved in a highorganic solvent which encourages rapid desolvation of droplets, is introduced via a
frne-gauge needle under high voltage (typically 1.6-1.9 kV).

Application of high

voltage induces formation of highly charged analyte-solvent droplets, which are
extracted under a potential gradient into the skimmer region, in which the droplets
undergo solvent evaporation.

As the volatile solvent component evaporates, the

magnitude of the charge-repulsion effect becomes more significant, and at a certain
charge/solvent composition (termed the Rayleigh limit). Coulomb explosion of the
analyte-solvent clusters occurs.

The clusters become smaller and more highly

charged within the skimmer region until the single molecular ions are formed either
by further explosion of clusters or by desorption of molecular ions from the clusters
(see Figure 1.3.3). These ions can then be analysed according to their mass-to-charge
ratios (Gaskell, 1997).
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Sample introduction for ESI can be carried out by a number of different methods.
These include the use of infusion from syringe pumps, which can provide extremely
stable flow rates, and nanovials, pulled capillary needles, which are loaded with
sample in high organic solvent.

Nanovials are only used once, reducing cross

contamination of samples and allowing ultra-low flow rates and hence low sample
consumption (flow rates as low as 50 nLmin'^ being routinely achieved). A natural
coupling between ESI and RP-HPLC eluates, where the organic solvent used to
displace analytes from the HPLC stationary-phase material, to achieve prior
fractionation of sample, is directly compatible with electrospray, means that LC-MS
with ESI has therefore become a popular and sensitive ionisation technique (Peng,
2001; Washburn, 2001; Washburn, 2002). The lack of compatibility of ESI with the
ion pairing agent TEA (trifluoroacetic acid) requires that the less efficient ion pairing
agent formic acid is used as a substitute during HPLC separations, which can lead to
reduced resolution of peaks eluting from the HPLC (Snyder, 1997).

Electrospray ionisation is an extremely ‘soft’ or low-energy process, producing
multiply-charged, intact molecular ions. As such, ESI has been used in combination
with high-resolution mass spectrometry to gain accurate mass information about
protein molecular weights and hence their level of post-translational modification
(Hayter, 2003; Liu, 2002), in the analysis of protein complexes (Fandrich, 2000;
Pramanik, 1998), and in the analysis of extremely large intact molecules in order to
establish accurate molecular weights (Hayter, 2003). The most widespread use of ESI
methods in the modem bioanalytical mass spectrometry laboratory has been in the
analysis of peptides using fragmentation and tandem mass analysis to determine their
primary sequences for confident identification of the gene product they represent
(Mann, 2001). In order to fragment ions generated by ESI, energy must be introduced
to the parent ions to induce dissociation.

This is most frequently performed by

collision-induced dissociation (CID), where collisions with inert gas molecules and
increased potential induce ion fragmentation (Moyer, 2002).

The low-energy

ionisation of ESI is particularly suitable for the analysis of phosphopeptide and
glycoslated peptides, as intact ions are readily gained for analysis, and can be
fragmented to give diagnostic mass spectra (Carr, 1996).
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Figure 1.3.3: Schematic of Coloumb explosion in the electrospray ionisation
source
A narrow-bore needle containing sample is held at high-voltage to produce a fine spray o f droplets.
The potential at which the needle is held and the solution conditions o f the sample determine the initial
size and charge density o f these droplets. As solvent is evaporated from droplets, the charge-charge
repulsion between ions becomes more and more significant, until at a limit value (the Rayleigh limit),
droplets effectively explode (Coloumb explosion). This explosion gives very small droplets o f high
charge state, further evaporation from which effectively generates single, highly-charged ions.
Reproduced from Gaskell, S.J., “Electrospray: Principles and Practice”, J. o f Mass Spectrom., 1997
(32), 677.

1.3.4 Instrumentation

Mass analysers in biological mass spectrometry are generally one o f four types: the
time-of-flight (TOP) mass spectrometer, the quadrupole mass spectrometer, the ion
trap and the Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer
(Dass, 2001; Glish, 2003; Mann, 2001).

These analysers are often combined,

allowing optimisation o f the type o f mass analysis to be carried out, for instance the
combination o f triple quadrupole and linear ion trap (commercially available from
Applied Biosystems as the QTrap™ ) allows highly efficient selection o f precursor
ions for MS"-type experiments, where multiple steps o f ion selection, fragmentation
and detection can be carried out, such experiments are ideally suited to the analysis o f
small molecules for phaiTnaceutical analyses and metabolomic experiments. Hybrid
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time-of-flight/quadrupole analysers were used in the mass spectrometric analyses
described within this thesis, therefore these analysers will be introduced in more detail
than FT-ICR and quadrupole ion traps,

Time-of-flight mass spectrometry
Amongst the most widely-used instruments in biological mass spectrometry is the
time-of flight or TOP analyser (Mamyrin, 2001). TOP mass spectrometers rely on
receiving packets of ions from a pulsed source to trigger the ‘start’ point of the
measurement of the time-of-flight process. TOP mass spectrometers separate and
analyse ions upon the basis of their different flight times in a field-free region. Ions
released from a pulsed ion source will have the same initial kinetic energy (Ek) but
will differ in initial velocity due to their different masses: Ek= mv^/2, where m is the
mass of an ion and v is the velocity of the ion following acceleration (Cotter, 1997).
Therefore, an ion with a lower m/z value will travel faster than one of higher m/z (see
Figure 1.3.4). A particular advantage to the use of TOP analysers is related to ion
detection based upon time-of-flight. This means that the mass range which can be
simultaneously detected is potentially unlimited, although in practice only a limited
region can be simultaneously detected at high resolution (Cotter, 1997; Dass, 2001).
This is in contrast to the use of quadrupole mass analysers where only a narrow range
of m/z values can be transmitted simultaneously; therefore to observe a wide mass
range requires scanning over multiple regions of the entire mass range, increasing the
duty cycle of such instruments.

MALDI ionisation has traditionally been coupled to the time-of flight mass analyser,
which is particularly well-suited to this type of analyser due to the pulsed nature of
the desorption/ionisation process (Dass, 2001).

Reflectron time-of-flight mass

spectrometers, as shown in Figure 1.3.4, can be used to perform post-source decay
(PSD) experiments as shown: ions undergo fragmentation in the field-free region to
give a charged (P^) and neutral (P„) fragment.

Charged fragment ions will be

unfocussed in normal reflectron mode measurements, but the reflectron mirror voltage
can be altered to focus ions from different mass regions upon the detector and produce
a fragment ion spectrum by combining all of the spectra of the individually focussed
mass regions. An extension to the PSD method is LIFT, a technology patented by
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Bruker Daltonics.

LIFT employs a low voltage

(8

kV) in the initial acceleration

region to minimise the kinetic energy distribution o f parent ions. This kinetic energy
distribution is retained when the voltage is increased in the LIFT cell to 25 kV,
allowing resolution o f post-source decay fragments from peptide ions. The narrow
energy distribution o f fragment ions allows the reflectron to reflect and focus all o f
the fragment ions upon the detector in a single fragment ion detection experiment,
(suppressing unfragmented parent ion signal using the post-LIFT metastable
suppressor unit), abrogating the need for the use o f multiple mass detection ranges
(Franzen, 2001).
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Figure 1.3.4: Schematic diagram of a reflectron time-of-flight mass analyser
A MALDI source generates gas-phase ions, which are accelerated in a high-voltage region into the
field-free drift region. The reflectron behaves as a high-voltage ion ‘mirror’ and reflects ions onto the
detector, allowing increased energy focussing and therefore mass resolution o f ions. An ion’s kinetic
energy determines the depth to which ions penetrate the electric field. Metastable decay o f ions occurs
from molecular ions in the drift region, fragmentation o f ions causing loss o f kinetic energy. Fragment
ions are hence poorly focussed, appearing in the spectrum as a poorly-resolved mass lower than the
parent. Reproduced from “MALDI Mass Spectrometry’’, Bruker Daltonics, 2002.
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Figure 1.3.5: Schematic diagram of the LIFT cell
LIFT is a patented technology o f Bruker Daltonics, which uses a low initial acceleration voltage (PIE
region) to give the generated ions a small kinetic energy distribution. This ensures that the metastable
ions arising from parent ions are well-resolved in comparison to those generated by a conventional
reflectron mass spectrometer. In the LIFT region, which can be rationalised as a second delayed
extraction region, an applied voltage increases the kinetic energy o f the selected ions o f interest (chosen
by the ion selector PCIS). This increased kinetic energy promotes metastable decay. However, since
the initial kinetic energy distribution o f the ions is maintained following acceleration by the LIFT cell,
the ions are all focussed within the reflectron and upon the detector, thus only a single-step acquisition
is required to gain a full product ion mass spectrum Reproduced from “MALDI Mass Spectrometry”,
Bruker Daltonics, 2002.

Quadrupole analysers
The quadrupole analyser essentially consists o f two pairs o f parallel rods which guide
ions using applied radio frequency (rf) and high-voltage (dc), as shown in Figure
1.3.5. Under a particular set o f rf/dc values, ions o f a particular m/z ratio will have
stable trajectories while travelling through the quadrupole cell. Other ions following
unstable trajectories will collide with the quadrupole rods.

Therefore to gain a

spectrum o f m/z values, a quadrupole scans over a range o f rf/dc values (Glish, 2003).
Quadrupole mass analysers are well-suited to receiving constant beams o f ions, such
as those generated by ESI (Mann, 2001). Quadrupole mass analysers are capable o f
achieving high mass accuracy with unit mass resolution, and are therefore often used
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as ion selectors for other types o f instruments, such as hybrid qTOF instruments. In
triple-sector quadrupole instruments, the two initial quadrupole cells can be variously
set to select different mass ranges to allow different types o f experiment, such as
product ion experiments, where all fragments ions from a given parent ion are
detected, which is often used for sequencing peptide sequencing, or parent ion
scanning, searching the MS survey scan for ions which generate fragments o f a
particular mass, such as the phosphate-specific ion observed at m/z 79 following
phosphopeptide ion fragmentation in negative ion mode (Dass, 2001; Mann, 2001).
The speed at which the quadrupole scans over the set mass range determines the
resolution o f the quadrupole instrument. As the scan time increases, the resolution
will concomitantly increase, this will however occur at the expense o f sensitivity.
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Figure 1.3.6: Schematic of a quadrupole mass analyser
Ions are introduced (in the z direction) into the mass analyser from the ion source, (here an electrospray
ion source). High-voltage and radio frequency are applied to the paired quadrupole rods. Ions have
stable trajectories at specific dc/rf values. The analyser can therefore be employed at different dc/rf
values to scan over a mass range to analyse ions o f various m/z values, or a specific dc/rf setting to
select an ion o f a particular m/z value o f interest (as in MS/MS experiments performed upon tandem
instmments). Adapted from Gaskell, S.J., “Electrospray: Principles and Practice”, Journal o f Mass
Spectrometry, 1997 (32), 677.

Quadrupole ion-trap analysers
The quadrupole ion trap can be conceptualised as an enclosed quadrupole analyser,
and acts as an ion storage device. Briefly, ions are injected into the ion trap under the
influence o f an applied rf/dc ratio, similar to that in a quadrupole instrument
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(Jonscher, 1997). Only ions of particular m/z ratios will have stable trajectories at a
given set of rf/dc values. An ion of interest can therefore be kept in a stable trajectory
and ‘stored’ prior to fragmentation by CED to gain fragment ions (Niessen, 1998). A
benefit to the use of the quadrupole ion trap is that fragment ions can themselves be
stored and fragmented, giving extra dimension to the fragmentation experiment. For
instance, pbospboserine-containing peptides frequently undergo facile neutral loss of
phosphoric acid from the parent ion (a loss of 98 Da), leaving a dehydroalanine
residue with a characteristic fragment ion mass of 69 Da. The peptide fragment ion
from the initial neutral loss experiment containing dehydro alanine can be stored by
the quadrupole ion trap and subjected to further fragmentation (ms^) to identify the
location in the peptide sequence of the dehydroalanine residue and hence the residue
which was originally phosphorylated (Ogueta, 2000).

Fourier-transform ion cyclotron resonance (FT-ICR) analysers
The FT-ICR is also a type of ion trapping instrument, although the detection method
employed in FT-ICR is different from those used in TOF or quadrupole analysers in
that detection is not mediated by the impact of ions upon a detector. Instead, the FTICR detects ions by their resonance patterns whilst trapped in a strong
electromagnetic field (Marshall, 1998). The resolving power (the achievable ability
of the mass spectrometer to distinguish between ions with slightly different m/z
values) of the FT-ICR can be extremely high (>100000, with a mass accuracy of 12ppm), depending upon the strength of the magnet used. Sub-attomole sensitivities
have been reported for FT-ICR-MS (Belov, 2000); and direct determination of protein
molecular weight and hence inference of the level of post-translational modification is
possible using FT-ICR (Smith, 2001). FT-ICR instrumentation and magnet strengths
applied to this method are constantly improving and evolving. The resolving power
of FT-ICR instruments is unrivalled by other methods (Marshall, 1998; Smith, 2001),
although the cost, size and relative complexity of the instrumentation has to date made
FT-ICR inaccessible to many researchers.

Hybrid mass analysers
In order to gain more information about analytes and to fully exploit the properties of
the different types of mass spectrometers, the use of hybrid mass spectrometers has
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become widespread (Andersen, 2000).

Tandem mass spectrometry refers to the

combination o f two or more mass analysers, such as the triple quadrupole (Xu, 2003),
the Q-Trap"^^ (Hopfgartner, 2003), or the hybrid quadrupole-TOF (q-TOF) illustrated
in Figure 1.3.6 (Griffiths, 2001). These instruments allow multi-stage experiments,
such as the product ion scanning and parent ion scanning experiments discussed
below (Section 1.3.7).

The development o f hybrid mass analysers allows the

refinement o f the experimental setup to gain optimal mass separation (Mann, 2001).

OUAORUPOLE MS

TOF MS

ION S O U R C E
SK IM M E R
R E G IO N
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Figure 1.3.7: Schematic of a hybrid quadrupole-time-of-flight mass analyser
Ions (in this case produced by electrospray ionisation) are guided into the analyser by the rf hexapole
after solvent evaporation in the skimmer region. The quadrupole region is used to scan over a
particular mass range to select ions either for detection by the TOF or for analysis by fragmentation.
Collision o f ions with inert gas molecules in the collision cell induces fragmentation (CID) in MS/MS
experiments (see section on peptide sequencing by tandem mass spectrometry in 1.3.5), these ions then
enter the push/pull region o f the TOF mass spectrometer, where ions are pulsed into the TOF. Ions are
detected as in a standard reflectron TOF (Figure 1.3.4). Reproduced from University o f Campinas
Thompson Mass Spectrometry Laboratory website, http://thomson.iqm.unicamp.br/
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1.3.5 Protein analysis by mass spectrometry

Peptide mass mapping
Determination of the intact molecular weight of protein(s) can indicate which one of a
number of putative isoforms is present, the degree of post-translational modification,
and can even be used to identify some proteins, given a sufficiently accurate
measurement of the unique molecular weight within a relatively small genome
(Smith, 2002). Indeed, this type of ‘top-down’ Proteomics is now being pursued
thanks to a new generation of high-resolution FT-ICR mass spectrometers (Costello,
1999; Smith, 2001).

However, far more information can he generated via the

application of mass spectrometric techniques to characterise proteins than the
molecular weight of the protein alone.

The use of sequence-specific endoproteases has been a tool in the repertoire of the
protein chemist for decades.

In Edman sequencing, the application of multiple

protease enzymes with different cleavage specificities, generating overlapping
peptides was a vital step for determination of internal sequence of proteins,
particularly in cases where the N-terminus was blocked (Prusiner, 1984). In an age
where complete genomic databases have been sequenced for a number of organisms,
and can be used to predict protein product sequences, sequencing of entire proteins is
no longer necessary for confident identification of a protein.

Instead of using

overlapping cleavage, endoproteinases are now used to exploit their site-specific
cleavage properties, which can provide a subset of peptides for analysis by mass
spectrometry for protein identification.

Multiple different proteases of varying

degrees of specificity have been reported as being useful in proteomic studies. These
range from the non-specific proteases elastase (Schlosser, 2001) and proteinase K
(Han, 2002b), to relatively specific proteases like Asp-N (cleaves N-terminal to Asp
residues, hut also cleaves at Glu residues at sub-optimal pH and long incubation
times) (Noreau, 1979), trypsin (cleaves C-terminal to Arg and Lys residues except
where they precede a Pro) (Rice, 1977), to the very specific such as Pro-C (cleaves
peptides of between 8-30 residues long C-terminal to Pro) (Polgar, 2002). The use of
sequence-specific endoproteinases generates peptides whose lengths and therefore
masses are determined by the cleavage specificity of the enzyme. Each predicted
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gene product and each protein will therefore have a distinct set of peptide masses,
termed a peptide mass fingerprint. Sequence databases can therefore be interrogated
using the peptide mass fingerprint generated in a mass spectrometric experiment to
identify the protein of interest. A number of web-based search algorithms have been
developed to carry out this interrogation of search databases with peptide mass
mapping data, including MS-Fit (Clauser, 1999), Mascot (Perkins, 1999) and
Propound (Zhang, 2000). The probability of gaining a correct match in data analysis
depends upon the number of peptide fi*agments in the protein digest (within the
optimal range of m/z values for mass spectrometric detection), and the resolution and
mass accuracy of the instrument used to acquire the data. Calibration of the mass
spectrometer and resultant data is therefore a crucial part of any experiment in order
to gain the best possible match (Clauser, 1999). A limitation to peptide mass mapping
is that site-specific endoproteinases do show some non-specific cleavage properties,
and peptides generated by non-specific cleavage will never be identified without
further sequencing. Mixtures of different proteins can be identified by peptide mass
mapping, but the certainty of the match is reduced with each extra component, and is
again extremely dependent upon high mass accuracy.

Peptide mass mapping

experiments have successfully been carried out to identify many proteins fi*om
different types of cell and organism (Ha, 2002; Molloy, 2001; Scheler, 1998; Sutton,
1995; Valdes, 2000). A typical workflow for such a proteomic analysis is presented
in Figure 1.3.7.

Peptide sequencing by tandem mass spectrometry
Experimental strategies involving peptide ion fragmentation can give further
information about their sequences, this data is frequently vital for identification (see
Figure 1.3.7). The mechanism by which fragmentation occurs largely depends upon
the ionisation method used to generate the peptide ions, the method of coupling of the
ion source into the mass spectrometer, and the charge state and amino acid
composition of the peptide ions. ESI is an extremely soft ionisation process and
produces polypeptide ions bearing multiple charges, generally doubly-charged ions
for peptides of -8-25 residues. The two protons on a typical peptide ion allow evenelectron fragmentations along the peptide backbone, producing a spectrum composed
predominantly of N-and C-terminal ions (denoted b and y ions respectively) (Figure
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1.3.8) (Figeys, 1996).

In contrast, M ALDl ionisation typically produces singly-

charged ions, which, having a single proton, fragment relatively poorly, to give some
b and y

ions, but also a ions and internal fragment ions (Cramer, 2001;

Medzihradszky, 2000).
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Figure 1.3.8: Schematic of a typical protein identification procedure using mass
spectrometry
Features o f interest (spots or bands) are excised from ID or 2D gels and digested using site-specific
endoproteases. A small aliquot (typically 5-10 % o f the total digest) o f the resultant enzymatic digests
is then analysed, typically using MALDI-TOF MS, submitting the peptide mass values for database
searching. If a confident ‘hit’ is gained from this initial step, and no further information is required, the
analysis is complete. In many cases, however, a confident match cannot be gained from peptide mass
mapping alone. In these cases, the remaining sample is analysed using LC-MS/MS as described below.
LC-MS/MS allows peptide ions to be fragmented and sequence-specific ions to be detected. Data from
LC-MS/MS can be searched against sequence databases using algorithms to gain a more confident
‘hit’. In cases where not confident match can be gained using MS/MS, manual interpretation o f
MS/MS data may yield a match.

The process o f metastable fragmentation following M ALDl is employed in PSD
analysis, generally using a reflectron time-of-flight mass analyser. Fragmentation is
maximised by using a ‘h o t’ matrix (i.e. a matrix with a high rate o f energy transfer to
analyte, such as HCCA) (Stimson, 1997), and by increased laser power, which
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promotes fragmentation. Fragment ions are resolved by altering the focussing of the
reflectron over small regions of the m/z range to maximise the resolution and mass
accuracy of the fragments (Burlingame, 1996; Dass, 2001). The PSD fragmentation
process produces many internal peptide fragment ions (bearing neither N- or Cterminus of the peptide), as well as peptide backbone cleavages. Such types of ions
typically make interpretation of sequence less facile than that of CED data.

CID is frequently used with quadrupole instruments and electrospray ionisation. The
CID process relies upon the energy induced by collisions of peptide ions with inert
gas molecules to induce peptide ion fragmentation. Fragmentation of doubly-charged
parent ions (as is typically the case in ESI-CID-MS/MS) primarily occurs by
backbone cleavage as illustrated below (Figure 1.3.8), to give b and y-ions. Ladder
sequencing of b- and y-ion series is relatively simplistic and allows manual
interpretation of peptide sequences in cases where database searching of uninterpreted
MS/MS data has failed to yield a confident match (Dass, 2001).
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Figure 1.3.9: Internal backbone cleavages of peptides which give rise to fragment
ions
The predominant peptide fragment ions observed by CID and PSD measurements are o f these types.
The proton upon charged peptides can reside upon any o f the amide bonds (although in singly-charged
tryptic peptide ions it typically resides upon the guanidino group o f the C-terminal arginine or lysine).
Fragmentation can occur at any protonated amide bond to yield b and y ions (Biemann, 1988). y ions
as indicated in the above figure have two additional protons not illustrated in the figure for simplicity,
one o f which derives from the amide group and one derived firom protonation o f the peptide, b and y
ions are the predominant types observed in CID and PSD experiments, although other types o f
fragmentation can also occur. Nomenclature for peptide fragmentation is as per Biemann, Methods in
Enzym ology, 201, 1990, Appendix 5, p886-887.
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1.3.6 Phosphorylation site analysis

Methods for the targeted analysis of protein phosphorylation sites have developed
considerably in the last few years. This is first and foremost as a result of a number of
major technological advances in mass spectrometry which have allowed the
introduction of both high-sensitivity detection and identification of proteins and
sequence analysis to isolate the modified residues of interest.

Secondly,

developments in 2DE and protein detection methods have allowed the resolution and
detection of multiple phosphorylated isoforms of low-copy number proteins. Finally,
the application of novel mass spectrometric methods to protein phosphorylation site
analysis has allowed unbiased identification of novel phosphorylation sites upon
many proteins, whilst the development of methods such as stable isotope labelling
using amino acids and chemical derivatisation with isotope-coded reagents provides
new tools for the quantitative analysis of alterations in phosphorylation patterns to be
investigated more effectively (Kalume, 2003; Pandey, 2000).

The application of ESI and MALDl mass spectrometry in the analysis of proteins and
other biomolecules has allowed the limits of detection for such substrates to be
pushed to the femto- or even attomole level (Franzen, 2001). Where only two or three
peptides are required for a confident identification of a gene product (as is the case
with many LC-MS/MS identifications), these limits are achievable, and such analyses
have become relatively routine (Hunter, 2002).

In specific analyses of post-translational modifications, once the identity of the posttranslationally-modified analyte has been established, new technical issues arise. One
o f the most important of these problems is that of sequence coverage. Obtaining a
confident match to three independent peptides from a single protein in an automated
LC/MS/MS experiment (using normal database search algorithms such as MS-Tag or
Mascot) is generally considered to be a highly confident match (Benvenuti, 2002).
However, if there are relatively few modified residues within a protein of interest the
probability that the modified residue(s) of interest will occur within those given
peptides is low. Therefore automated LC/MS/MS runs which are designed merely to
identify proteins, without searching for specific modifications, will rarely yield a
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novel site of post-translational modification. It is clear that the use of several protease
enzymes with differing specificities of cleavage site can increase sequence coverage
and hence improve the chance of mapping modification sites (Schlosser, 2001),
although this will additionally result in further sample consumption.

Therefore,

where the identity of a protein analyte is known and targeted phosphorylation site
analysis is to be performed, choosing the most appropriate endoproteinase(s) is a vital
step which can determine the success of a procedure.

The ideal range for high-

accuracy and sensitivity mass spectrometric measurement is limited from around 700
Da to around 3,500 Da. Below this range, low-molecular weight ions such as matrix
or solvent clusters tend to predominate, whilst above this range the accurate selection
of ions for fragmentation becomes more problematic. Selecting a protease which will
provide peptides of appropriate molecular weight for facile phosphorylation site
identification can prove difficult in some cases. The use of trypsin has been favoured
due to the relative specificity of trypsinolysis (cleaves C-terminal to Lys, Arg except
where followed by Pro), and the fact that the fixed basic charge at the C-terminus
increases

the peptides’ propensity

to

form

h and y-type

fragment

ions

(Medzihradszky, 2000; Moyer, 2002), but the application of other enzymes is
becoming more widespread (Han, 2002a; Schlosser, 2001).

Phosphorylation site mapping can be carried out by matching of peptide ion masses to
protein sequence databases (peptide mass mapping), which relies on detection of 80
Da mass increments for each phosphorylated residue. When using MALDI-TOFMS,
metastable decay of phosphorylated peptides is frequently observed by the appearance
of an unresolved ion signal at a mass ~80 Da below the parent ion mass, which is due
to the loss of phosphate (HPO3 ) from the parent ion. Metastable decay is indicative of
the high lability of the phosphate moiety upon phosphorylated peptides.

When

phosphorylated peptides are fragmented under both PSD and CID conditions, loss of
phosphate is frequently the primary mode of fragmentation (see Figure 1.3.9) (Mann,
2002), and it is significant that this neutral loss of 80 Da (HPO3 ) or 98 Da (H2 PO4 )
has been exploited as another marker for phosphorylation-specific precursor ion
scanning method by some groups (Schlosser, 2001). Because of the high level of
neutral loss of phosphate groups, gaining high-quality sequence information about the
phosphorylated peptide can frequently be difficult to achieve in mass spectrometric
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experiments (Mann, 2002). Whilst the presence of neutral loss of phosphate may be
sufficient to indicate that the peptide under scrutiny is phosphorylated, further
information is needed to confidently identify the modified residue(s), particularly
without prior knowledge of a phosphorylation site within a particular peptide and if
multiple phosphoryl-accepting residues are present within the peptide sequence.

Another major difficulty with the analysis of post-translational modifications,
particularly phosphorylation, is that not all peptide ions are observed with similar
signal intensities by all ionisation methods (Phillips, 1993). One major problem is
that phosphorylated peptides are observed with unexpectedly low signal intensities in
comparison with non-phosphorylated peptides when analysed using MALDl (Asara,
1999). In particular, where sub-stoichiometric phosphorylation of a particular residue
has occurred, the observed ion intensity of the phosphorylated peptide will be much
lower than its unphosphorylated counterpart.

This low phosphopeptide signal

intensity is postulated to be related to the ‘proton affinity’ or electrostatic repulsion of
phosphopeptides in matrix crystals for protons and hence is responsible for the lower
ionisation efficiency of phosphopeptides (Liao, 1994), such competition for ionisation
effectively caused ion suppression (Knochenmuss, 2003). Similarly poor ionisation
of phosphorylated peptides is observed in ESI-derived spectra of phosphopeptides
(Carr, 1996; Wilm, 1996). One way to overcome poor ionisation of phosphopeptides
is to utilise the negative ion mode for analysis. Some groups have used experiments
exploiting this differential ionisation efficiency to good effect in the identification of
phosphorylated peptides (switching between positive and negative ion modes causing
an increase in the relative signal intensity of phosphorylated peptides) (Ma, 2001).
Phosphorylation site identification using ESI coupled to precursor ion scanning in
negative ion mode will he discussed below. However, the analysis of the precise site
of phosphorylation in negative ion mode is somewhat problematic, as deprotonated
peptides do not fragment in the same manner as protonated peptide ions, and the
phosphate moiety directs much of the fragmentation (Tholey, 1999). Therefore, in
order to gain significant structural information the instrument must be operated in
positive ion mode. For ideal ESI conditions, this will also require a change in solvent
system and hence splitting of sample, reducing the achievable experimental sensitivity
(Steen, 2001a).
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Figure 1.3.10: Facile loss of phosphate from phosphorylated serine and threonine
residues
Phosphorylated Ser/Thr-containing peptides (R=H (Ser), CH3 (Thr)) undergo facile neutral loss o f
phosphate (HPO3) and phosphoric acid (j8 -elimination, H 2PO 4) from the phosphorylated residue. This
gives rise to fragment ions with masses 80 Da and 98 Da lower than the parent ion.
The
dehydroalanine residue has a unique residue mass o f 69 Da, whilst dehydroamino-2-butyric acid is 83
Da, these residue masses are diagnostic for /3-eliminated 0-phosphorylated or glycosylated Ser/Thr. In
negative ion mode, phosphorylation-specific precursor ion scanning for parent ions which generate a
fragment ion o f m/z 79 Da exploits this fragmentation, and is diagnostic for Ser/Thr phosphorylation
(reviewed in Mann, 2002). Phosphotyrosine is more resistant to such neutral loss than phosphoserine
or threonine due to its delocalised electron system.

In spite of the low limits of detection which can be achieved using current methods
for protein identification by mass spectrometry, confident identification of
phosphorylation sites therefore frequently requires high protein sequence coverage,
high mass accuracy and high-quality sequence data.

Such high analytical

performance cannot yet be routinely achieved for all phosphopeptides using the
current protocols and available instrumentation. Sub-stoichiometric phosphorylation
giving a low-abundance product is frequently the case in phosphorylation site analysis
of proteins involved in signal transduction, for reasons previously discussed. Low
stoichiometry is problematic as little signal will be obtained if only a small proportion
of protein molecules have been modified, and the intensity of the phosphorylated ion
will be further reduced for the reasons discussed above.

Therefore enrichment

strategies which aim to select phosphorylated peptides are of enormous interest to this
project and to many other groups involved in the analysis of phosphorylation of
signalling proteins.
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1.3.7 The application of fragment marker ions, enzymatic treatment,
chemical derivatisation and affinity pulldown to phosphorylation site
analysis

A number of targeted strategies for the identification of phosphorylation sites of
proteins using mass spectrometric detection methods have been developed in recent
years. These include the use of phosphopeptide-specific fragment ions as indicators
of phosphorylation, enzymatic dephosphorylation and detection of consequent
phosphopeptide ion mass shifts, chemical derivatisation strategies, and the use of
affinity pulldown methods such as immunoprécipitation and immobilised metal ion
affinity chromatography, which shall be described.

Parent ion scanning fo r the identification ofphosphorylated peptides
As previously mentioned, when phosphorylated peptides undergo fragmentation, such
as that observed in CID and PSD, one of the primary fragmentation sites is the
phosphate moiety itself. In the positive ion mode the ions detected most frequently as
a result of this loss are the phosphopeptide ion mass less the neutral loss of phosphate
or phosphoric acid (seen as a fragment ion 79.98 Da or 97.99 Da below the parent ion
respectively, as illustrated in Figure 1.3.9).

If the same peptides are analysed

according to their fragmentation in negative ion mode, using dilute ammonium
hydroxide in the ESI solvent, a strong ion at w/z= 79 Da (PO3 ) is observed, although
little other peptide sequence data can be generated (Carr, 1996). The scanning ability
of triple-quadrupole instruments has been used to exploit this phosphorylationspecific marker ion (Carr, 1996). In precursor ion scanning experiments, the initial
quadrupole scans over a set mass range (for example 400-2000 to detect most peptide
ions), and subjects all peptides to fragmentation in the second quadrupole cell. The
final quadrupole cell only allows the phosphorylation-specific marker ion at 79 Da to
be detected.

As the parent which generated this ion had a stable trajectory at a

specific set of rf/dc values in the initial quadrupole, the m/z of the ion which generated
the phosphorylation marker ion can be determined. A second experiment can then be
run in positive ion mode to obtain MS/MS data for sequence analysis (Carr, 1996).
This approach has been used successfully in a number of cases (Annan, 2001; Beck,
2001; Wilm, 1996), but the high duty cycle of the precursor ion scanning experiment.
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combined with the necessity of sample splitting, reduces the sensitivity of this type of
experiment (Steen, 2001b).

A second phosphorylation-specific ion, the phosphotyrosine immonium ion of m/z
216.04, has been found to be an effective target for parent ion scanning by Mann et al.
(Steen, 2001a). This method has the advantage of being able to be performed in
positive ion mode, allowing a single solvent phase and automated switching between
parent ion scanning and fragment ion detection to be carried out. The disadvantages
of the technique are the exclusive detection of phosphotyrosine-containing proteins,
which represent a very small subset of phosphorylated proteins (-0.05%), and the
requirement for an instrument capable of carrying out very high-resolution detection
of the phosphotyrosine immonium ion (such as a q-TOF-type instrument) to
discriminate the phosphotyrosine immonium ion from internal immonium ions.
Whilst both q-TOF and triple quadrupole instruments are capable of generating
similar results for phosphopeptide parent ion scanning at -79 Da (PO 3 "), the increased
accuracy of fragment ion selection allows higher sensitivity for phosphotyrosine
immonium ion scanning experiments to be achieved using q-TOF instruments than
triple quadrupoles (Steen, 2001b).

Enzymatic treatment fo r phosphorylation site diagnosis
The technique of calf intestinal phosphatase (CEP) treatment of phosphopeptides to
remove their phosphate group has been used by a number of groups to assist in
selective identification of phosphorylated peptides (Liao, 1994; Yip, 1992). Briefly,
the sample is analysed (typically using MALDl), before and after GIF treatment, and
80 Da (or multiples thereof) mass shifts are searched for (either manually or by
database searching allowing phosphorylation as a possible modification) in the
resultant mass spectra. These data are then compared to the theoretical digest of the
protein of interest to infer which peptides are phosphorylated. A novel extension to
this procedure was published by Larsen and co-workers, who advocated the on-target
GIF treatment of substrates which had already been spotted and analysed upon
MALDl targets (Larsen, 2001). O f course, although enzymatic phosphorylation can
identify a peptide which is phosphorylated, once dephosphorylated, the residue upon
which the phosphate resided is indistinguishable from all other phosphate-accepting
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residues within the peptide. Therefore where multiple serine, threonine or tyrosine
residues are present within a single peptide, further investigation (and hence further
consumption of sample) must be carried out to determine the exact site(s) of
phosphorylation. CIP treatment may also add salt to the sample, making further mass
spectrometric analysis more difficult. Nonetheless, on-target CLP treatment is a useful
first step in confirmation peptide phosphorylation status.

Chemical derivatisation
A number of different strategies for selective derivatisation and affinity capture of
phosphorylated residues have been published (Adam, 2002), and are summarised in
Figure 1.3.10. A strategy published by Zhou and co-workers relies upon the use of a
disulphide-containing nucleophile to derivatise the phosphorylated residue, allowing
capture upon iodinated glass beads and subsequent release using TFA.

This

procedure required both N-and C-terminal protection of peptides to prevent their
undesirable derivatisation, resulting in the need for a 6 -step protocol. The number of
derivatisation steps to this procedure means that low yields of final product are
anticipated (Zhou, 2001).
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Phosphorylated peptides are derivatised to give a stable product which can be subjected to affinity
capture for enhanced detection. Two parallel approaches, shared by Oda et al. and Goshe et al ,
involved the use o f /3-elimination and Michael addition to gain a product which was affinity captured
using biotin upon avidin-sepharose beads. A different approach was taken by Zhou et a l , who used
cystamine addition to the phosphate group to gain a phosphoramidate product with a free sulphydryl
group for selection upon iodinated glass beads. EDC= dimethylaminopropylethyl carbodiimide.
Reproduced from Adam et a l . Mol. Cell. Proteom., 2002, (1), 781-790.
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A second approach, taken by Oda et a l, is that of jS-elimination and Michael addition
at phosphorylated residues and derivatisation of the generated free sulphydryl group
with biotin as an affinity tag (Oda, 2001). This approach requires fewer steps than
that taken by Zhou et a l , and hence would be expected to provide higher yields. A
problem with this approach is that the Michael addition reaction generally does not
proceed to completion at Thr residues; therefore lower yields of derivatisation of Thrphosphorylated peptides would be expected in comparison to pSer-containing
peptides (Adamczyk, 2001; Adamczyk, 2002). Enzymatic deglycosylation to prevent
reaction of 0 -glycosylated peptides and protection of free cysteines is also required in
this method, which additionally excludes phosphotyrosine-containing peptides. The
PhlAT (phosphoprotein isotope affinity tagging) approach suggested by Goshe et a l
has been proposed to allow a relative quantitation step in the derivatisation protocol,
so that the extent of phosphorylation from different cell states could be determined
(Goshe, 2001). Again, this approach relies upon /3-elimination and Michael addition
to provide a method to capture the phosphorylated substrates, with addition of a
stable-isotope containing Michael reagent to allow subsequent quantitation.

This

protocol will therefore be subject to the same problems of incomplete derivatisation
and selectivity as that proposed by Oda et a l

The currently-developed

phosphopeptide derivatisation protocols have yet to be fully optimised, and as such
are not generally suitable for phosphopeptide derivatisation at the current time.

Affinity pulldown ofphosphorylated proteins and peptides
Phosphorylation-specific affinity capture methods without a prior derivatisation step
have also been attempted for phosphoprotein identification.

Immunoprécipitation,

where an antibody directed against a protein target of interest is immobilised upon a
solid-phase support to selectively isolate the protein of interest (along with binding
partners, depending upon the solution conditions used in immunoprécipitation steps)
has been widely used for many years (Figeys, 2001). This method can be used to pull
down complexes of proteins which interact within the cell and members of these
complexes can subsequently be identified using mass spectrometry (Blagoev, 2003;
Pandey,

2002).

Phosphotyrosine-mediated

immunoprécipitation

and

mass

spectrometric identification of tyrosine-phosphorylated proteins has been carried out
successfully (Maguire, 2002; Pandey, 2002), but few good antibodies which can
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detect multiple of threonine or serine-phosphorylated proteins exist.

It must

additionally be borne in mind that identifying proteins which are phosphorylated does
not guarantee that their phosphorylation sites can be identified. Targeted strategies
for phosphoproteome analysis using these antibodies therefore need to be developed
and these will allow investigation of particular signalling pathways or kinase-specific
consensus phosphorylation sites.

Some recent papers have taken this kind of

approach to identify phosphorylated substrates downstream of specific protein kinases
(Astoul, 2003; Gronborg, 2002).

Such a functional immunophosphoproteomic

approach has the potential to yield great insight into the substrates which are
phosphorylated by particular kinases, given appropriate reagents, and has been
discussed in section 1.2.5.

A more general affinity capture approach to trap phosphorylated analytes is based
upon the affinity of metal ions for phosphate. The history of this technique began in
1975, when the observation of differential adsorption of proteins to a bed material
containing metal ions was made (Porath, 1975), and the now commonly-used Ni(II)chelating resins were developed. The high affinity of ferric ions for phosphate groups
is another long-recognised chemical phenomenon which has been exploited to gain an
enrichment of phosphorylated amino acid-containing peptides. The investigation of
IMAC has formed the major part of this work, IMAC will therefore be introduced in
more detail in Section 1.4.

1.4 Immobilised

M etal

Ion

Affinity

Chromatography

fo r

Phosphorylation Analysis
The affinity of metal ions, particularly Fe(III), for phosphate groups, has been
exploited in the development of an affinity separation method for the selective
isolation and analysis of phosphorylated substrates. A major advantage of the use of
an affinity pulldown technique is that such a strategy can circumvent the problem of
poor phosphopeptide ionisation in the mass spectrometer by removing the suppressing
non-phosphopeptides. The method of immobilised metal ion affinity chromatography
(IMAC) was first established in 1975 by Porath et a l (Porath, 1975) as an extension
to the earlier method of ligand exchange chromatography (LEG) (Kagedal, 1998). In
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IMAC, polypeptide substrates are separated upon the basis of the interaction of lone
pairs of electrons with a solid-phase-retained metal ion. The method of Porath et a l
exploited the high affinity of protein lone pairs for metal ions as a way of subfractionating mixtures of proteins, and was applied to the analysis of serum proteins
(Porath, 1975). IMAC relies upon the interaction of lone pairs of electrons upon
various exposed residues, such as the histidine imadazole ring, with metal ions
(particularly those with ‘intermediate’ Lewis acid properties such as Ni(II)), which
have been immobilised by chelation upon solid-phase beads to allow affinity capture
of subsets of proteins.

Extension of this method for use in fusion-tagging and

subsequent affinity pulldown of recombinant proteins led to the valuable
hexahistidine tagging technique, which has been widely used to provide high yields of
fusion-tagged proteins (Crowe, 1994).

Currently more than 50% of bacterially-

expressed recombinant proteins are purified using this system (Chaga, 2001). Briefly,
the protein under scrutiny is cloned into a vector which, when the gene is translated,
will give a stretch of six histidine residues at either the N- or C-terminus of the protein
product.

This hexahistidine tag can be used to selectively capture the protein of

interest following overexpression in bacterial or eukaryotic cell culture, using Ni(II)
immobilised to the surface of a solid matrix. The tagged protein is eluted from the
matrix using a high concentration of imidazole. Since the hexahistidine tag is linear,
the tag can be inserted at either the N-or C-terminus of the expressed protein product,
although in practice tagging is most commonly used at the N-terminus (Crowe, 1994;
Porath, 1975). This system has been successfully used to produce and purify large
amounts of protein for characterisation using methods such as X-ray crystallography
and NMR, and to probe the biological function of protein targets. For instance, a
hexahistidine tagged construct of GSK-Sp was used by Dajani et a l to produce
protein for X-ray crystallographic characterisation (Dajani, 2001).

Alteration of the metal ion chelated upon the IMAC resin alters the functional
characteristics and binding properties of the resin.

This means that the specific

affinity of the resin can be altered to isolate different classes of polypeptides. As
other moieties were known to induce association of metal ions with proteins, different
metal ions and protein types were investigated to determine a more widespread
applicability for this method. A number of different protein/peptide moieties were
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found to interact with varying degrees of specificity with various metal ions (Porath,
1983; Ramadan, 1985). This reflects the fact that transition metal ions, due to the
presence of empty valence shell orbitals which can accept lone pair interactions from
donor molecules, have various and differing capacities for binding of peptides. Metal
ions, which often have important biological properties, are exploited in immobilised
metal ion affinity chromatography. Here, the ability of certain metal ions, (such as
Fe(III) and Ni(II)) to associate in a relatively selective manner with polypeptide
molecules via lone pairs of electrons within specific moieties such as polyhistidine
tags or phosphorylated polypeptides is exploited.

Extension of IMAC to the selective retention of phosphorylated substrates was
reported by Andersson and Porath in 1986. In their experiments, phosphoaminoacids,
ovalbumin (a highly-phosphorylated protein) and pepsin (a singly-phosphorylated 304
residue polypeptide) were retained at low pH, effecting elution by increasing pH
(Andersson, 1986). Using a similar set-up, three fractions of a mixture of histone
proteins which had been phosphorylated in vitro by PKA were resolved and then
subjected to amino acid analysis, which allowed identification of different members
of the histone family (Muszynska, 1986). The selectivity of Fe(III) for phosphate
over other lone-pair donating groups was demonstrated by early studies indicating far
greater retention of phosphorylated amino acids than histidine, tyrosine, tryptophan or
acidic-sidechain containing groups (Andersson, 1986). Interaction of phosphorylated
substrates with the immobilised metal ion was proposed to take place via lone pairs
upon the phosphate oxygen (Muszynska, 1986; Muszynska, 1992), see Figure 1.4.1.

Once it had been established that phosphorylated peptide moieties could be retained
upon ferric IMAC resins with some degree of selectivity, the method was adopted by
groups with an interest in protein phosphorylation analysis (Muszynska, 1992; Scanff,
1991; Toomik, 1992).

Phosphorylated peptides were found to be retained with

relatively high specificity upon ferric IMAC resins, allowing these peptides to be
separated into a different fi*action from non-phosphopeptides for subsequent analyses.
Muszynska et al. showed that higher pH conditions were required for the
displacement of multiply-phosphorylated peptides

in comparison to mono-
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phosphopeptides, allowing some resolution of peptides according to their degree of
phosphorylation (Muszynska, 1992).
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Figure 1.4.1: Retention of peptides upon Fe(III)-NTA IMAC resin
Phosphorylated (A) peptide sidechains are chelated and hence retained by immobilised iron via oxygen
atom lone pairs o f electrons. Acidic sidechains (B) can also interact weakly with the IMAC stationary
phase in an analogous manner.

A rapidly-recognised factor in the interaction of peptides and proteins with Fe(III)
chelates was the interaction of carboxylic acid and alcohol groups with the resin. In
particular, glutamic acid and tyrosine were noted to be significantly retained in
addition to phosphorylated |3-casein peptides (Muszynska, 1992), in contrast to
Anderson’s earlier studies (Andersson, 1986). Therefore the interaction of phosphate
anion with immobilised Fe(lll) is less specific than was initially postulated.
Nonetheless, the application of IMAC to the analysis of phosphorylated peptides has
become increasingly widespread, particularly in the last five years.

The widespread acceptance of IMAC as an affinity technique for the purification of
phosphopeptides came as a result of the increase in the use of mass spectrometry to
analyse peptides.

As previously discussed, ionisation suppression can cause

difficulties in phosphopeptide ionisation and hence analysis by mass spectrometry.
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Separating the phosphorylated from non-pho sphorylated component of protein
digests, thereby relieving this suppression has therefore become a popular target in the
field of phosphorylation site identification using mass spectrometric methods.
Nuwaysir and Stults were the first authors to publish the coupling of IMAC to
phosphopeptide analysis by mass spectrometry. Their paper described the use of an
online-IMAC-ESI process

which

was

used

in

the

selective retention

of

phosphopeptides from p-casein tryptic digests, synthetic phosphotyrosine peptides
and phosphokemptide (Nuwaysir, 1993). Following this advance, the use of IMAC in
phosphopeptide separation became more widely accepted, and a number of papers
applying IMAC to the analysis of phosphorylation sites were published (Betts, 1997;
Cleverley, 1998; Neville, 1997; Watts, 1994).

However, in spite of the number of papers reporting phosphopeptide separation by
IMAC, the vast majority of reports involve development of methodologies for use of
the technique, and comparatively few papers have been published which feature the
identification of novel sites of protein phosphorylation using IMAC enrichment. This
is due to a number of factors, not least among them the number of different conditions
for IMAC separation of phosphopeptides which are reported in different papers, these
are presented in Appendix 1. Various papers reporting IMAC use different types of
bead and chelating ligand, different mobile phases, batch preparation, self-packing of
microtips or HPLC columns, and different metal ions chelated upon the column.
Since all of these factors can have a significant impact upon the success of an IMAC
experiment, a thorough optimisation study is absolutely essential, and this formed
major part of the current study.

A number of problems with the use of IMAC to isolate phosphopeptides had been
identified within the literature prior to this study.

These include the non-specific

interaction of several classes of non-phosphorylated peptides with IMAC beads,
which can be influenced by the type of resin used. For instance, Neville and co
workers used IMAC coupled to RP-HPLC separation and mass spectrometric analysis
to identify PKA-mediated sites of phosphorylation upon the cystic fibrosis-associated
protein CFTR (Neville, 1997). They found many more non-specifically adsorbed
peptides where iminodiacetic acid resins were used in comparison to nitrilotriacetic

68

Chapter 1 Introduction

acid. These non-specific binding peptides are mostly acidic in nature (containing
multiple Asp and Glu residues), and are thus capable of chelating immobilised iron
via their carboxylic acid groups as shown in Figure 1.4.1. The ability of poly-Glucontaining non-phosphorylated peptides to bind strongly to IMAC resins had also
been identified by earlier studies as a significant limitation of the selective capacity of
IMAC (Muszynska, 1992). A method to circumvent this problem of ‘non-specific’
binding of acidic peptides was recently developed by Ficarro et a l (Ficarro, 2002b),
and applied the well-known derivatisation of peptide carboxyl groups by conversion
to their methyl esters (Frick, 1977; Knapp, 1979), prior to IMAC to remove the ability
of acidic peptides to interact with the immobilised metal ions. This method was used
to great effect in the analysis of the phosphoproteome of Saccharomyces cerevisiae^
identifying a total of 216 peptides containing 383 phosphorylation sites (Ficarro,
2002b).

Another method to attempt to improve the binding characteristics and hence
specificity of the IMAC process was that of Posewitz, who investigated the ability of
different metal ions to specifically adhere ^^P-labelled synthetic phosphopeptides
(Posewitz, 1999). A panel of metal ions were compared to asses their relative binding
capacities for phosphopeptide; Fe(III) and Ga(III) were the only two to show a good
retention and elution capacity for phosphorylated peptides.

Subsequent studies

investigating the use of Ga(III) IMAC for phosphopeptide enrichment have indicated
that this resin may have a lower affinity for phosphorylated peptides, making recovery
of hyperphosphorylated peptides more facile than that upon Fe(III) resins (Zhou,
2000). However, metal ion leaching from Ga(III)-chelating beads may be a problem
with the use of these beads, as may a lack of binding of less-heavily phosphorylated
peptides. A reduction in non-specific binding has not yet been demonstrated using
Ga(III) beads (Zhou, 2000).

IMAC is arguably a useful method for selective retention and enrichment of
phosphopeptides in order to relieve the signal suppression effects caused by the high
background of non-phosphorylated peptides typically generated by enzymatic
digestion of phosphoproteins. Innovations in the bead type, chelated metal ion and
method for carrying out phosphopeptide separation have improved the IMAC
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technique, but a consensus method which is highly compatible with downstream
analysis by mass spectrometry abrogating the need for post-column desalting has yet
to be established. IMAC is a useful tool in the armoury of the protein chemist to
investigate phosphorylation of proteins, but one which merits further investigation to
probe the subtleties of phosphopeptide and non-phosphopeptide binding.

As mentioned above, despite the number of publications employing IMAC for the
analysis of phosphopeptides, the majority of these papers report modifications to the
method rather than the application of IMAC to novel phosphorylation site analysis. A
general reliance upon the use of standard proteins as proof of method persists within
the field, without rigorous scrutiny using proteins where the expected phosphorylation
sites are not known. Amongst the published methods, there was also an enormous
variance in terms of the type of IMAC sorbent used (in terms of chelating ligand, bead
type and metal ion) and the solution conditions used in the chromatographic
separation. A principle aim of this thesis was therefore to determine which conditions
were the most suitable to gain successful IMAC separation of phosphorylated
peptides from the background of non-phosphorylated peptides.

Anecdotal reports

from discussions with colleagues in other laboratories suggesting a lack o f binding of
some phosphorylated peptides to IMAC resins were also an interesting and relevant
factor in the analysis of phosphoproteins using IMAC separation, and no
comprehensive study of the phosphopeptide binding properties of IMAC resins had
been established. Investigation into binding specificities was therefore of interest, and
was carried out within the work reported in this thesis.

Having established a method for phosphorylation analysis using IMAC, application of
this method to the analysis of proteins involved in cell signalling pathways to
determine the site-specific phosphorylation which took place in response to particular
cellular conditions was to be carried out. This study of phosphoproteins was expected
to act as a proof of method, as well as being an attempt to identify novel sites of
phosphorylation within cell signalling pathways for further insight into the role of this
vital post-translational modification of proteins.
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Chapter 2: Materials and Methods
HPLC-grade water, acetonitrile (MeCN) and methanol were supplied by Rathbum
(Walkerbum, Scotland). All other materials were analytical grade and were supplied
by Sigma Aldrich (Poole, Dorset) unless otherwise stated.

2.1 Mass Spectrometry
2.1.1 MALDI-TOF-MS

MALDI-TOF-MS was the main mass spectrometric method used for polypeptide
analysis, including the analysis of proteins by peptide mass fingerprinting.

Instrumentation
MALDI-TOF-MS was performed upon the following instruments, depending upon
the type o f experiment to be carried out
i) Voyager Elite XL (PE Biosystems, Foster City, CA, USA).
Typical operating parameters: Source chamber 1x10'^ Torr, Analyser 1.7 x 10'^ Torr
ii) Reflex III with a Scout 384 source (Bruker Daltonics, Bremen, Germany).
Typical operating parameters: Source chamber 2 xlO'^ T orr, Analyser 1 x 10'^ Torr
iii) Bruker Ultraflex (Bruker Daltonics).
Typical operating parameters: Source chamber 2.2 x 10'^ Torr, Analyser 3.6 x 10'^
Torr.
iv) Q-STAR (PE/Sciex, Toronto, Canada), equipped with an o-MALDI source.
Typical operating parameters: Source chamber ~1 x 10'^ Torr
i)-iii) were used in reflectron or linear modes for peptide mass mapping and in
reflectron PSD mode for post-source decay measurement of ions, iv) was equipped
with a prototype MALDl source which could be fitted in place of the conventional
nanoelectrospray source to the standard q-TOF instrument. The optional source was
operated using the manufacturers’ MALDl control system software.
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Method files for each instrument were optimised by Steve Corless and Malcolm
Saxton (Bioanalytical Chemistry, LICR) for peptide analysis over a mass range of
600-5000 Da on each instrument.

Instruments were typically operated at 25 kV

source potential and in positive ion mode. All instruments were operated as standard
pulsed nitrogen lasers at a wavelength of 337 nm and a pulse width of 3 ns. The
Voyager was also optionally custom-fitted with a Q-switched Erbium-YttriumAluminium-Gamet (Er-YAG) laser operating at a wavelength 2.94 pm and a pulse
width of - 1 0 0 ns, which was used in the comparison of different matrices as described
in Chapter 3, Section 3.3.

Laser power was adjusted for each experiment,

determining empirically the minimum laser fluence required to give a high signal-tonoise ratio whilst minimising metastable decay and preventing saturation of peptide
signal.

Typically 100-200 shots were acquired and summed for each MALDl

spectrum, depending upon the quality and intensity of the ion signals obtained.
External calibration of mass spectrometers was carried out using Sequazyme"^^
Calibration Mix 2 (PE BioSystems Foster City, CA, USA), or a custom-prepared
mixture of seven peptides covering a mass range of 700-3500 Da. Calibrants were
used at 200-500 finol on target, unless otherwise stated. Internal calibration of spectra
using known masses of trypsin, Coomassie or knovm peaks from proteins whose
identities had been previously established was carried out wherever possible.

Sample Preparation fo r M ALDl
2,5-Dihydroxybenzoic acid (2,5-DHB, Bruker Daltonics or Sigma) was the
predominant matrix used for MALDI-MS analyses in this study, and was prepared as
a saturated aqueous solution.

a-Cyano-4-hydroxycinammic acid (HCCA) was

purchased as a ready-made solution in methanol (Hewlett-Packard, Boblingen,
Germany), or prepared as a saturated solution from crystalline HCCA in 50%
methanol. Samples were generally prepared for analysis by MALDl using 2,5-DHB
and HCCA as matrix using the standard “dried droplet” protocol as described by
Hillenkamp and Karas (Bahr, 1994; Karas, 1995; Strupat, 1991). For analysis using
Bruker Anchorchip™ targets, saturated 2,5-DHB solution was diluted 1:3 (v/v) with
HPLC-grade water spotting matrix and sample 1:1 (v/v) onto 800 pm diameter
sample targets. Thin-layer preparation using 400 pm dia. AnchorChip™ targets was
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carried out according to the protocol of Gobom et a l (Gobom, 2001), using HCCA as
a saturated solution in acetone:0.1% TFA 97:3 (v/v).

Other compounds which were used for the comparison of different matrices and
matrix-related molecules are detailed in Chapter 3, Section 3.3.

These were

purchased from Sigma-Aldrich as crystalline solids or as liquids. Solid compounds
were prepared either as saturated aqueous solutions or as solutions in 50% ethanol
where compounds were insoluble in water. Compounds which were liquids under
standard conditions were diluted 1:1 (v/v) with HPLC-grade water prior to use.

2.1.2 MALDI-PSD-TOF-MS and MALDI-CID-q-TOF-MS/MS

MALDI-PSD-TOF-MS
MALDl- Post Source Decay-TOF measurements were carried out using the Reflex III
and Voyager mass spectrometers, using PSD method files which had been optimised
by performing PSD upon standard peptides (ACTH clip 18-39 and Angiotensin II,
respectively). For PSD experiments, laser power was increased to higher levels than
in peptide mass mapping experiments in order to increase metastable decay. The
reflectron voltages were adjusted to focus ions over successive mass ranges. 2,5DHB was used as matrix in phosphopeptide analysis experiments, detecting the
neutral loss of PO 3 and H 2 PO 4 as ions at -80 and -98 Da from the parent ion. For
phosphopeptide analysis experiments, only

2

mass spectral regions were required to

observe neutral loss of phosphate and phosphoric acid from the parent ion. This
provided sufficient evidence of phosphorylation.

HCCA was used to gain more

complete sequence information from analyte ions.

In cases where full PSD

measurements over the full mass range were acquired, more stitches were collected
( 8 - 1 2 , depending on parent ion mass and fragmentation) in order to record peptide
fragment ions with higher mass accuracy and resolution.

MALDI-PSD/LIFT-TOF/TOF-MS
MALDI-PSD/LIFT-TOF/TOF-MS was carried out using the Bruker Ultraflex
instrument, using a method file which had been optimised for peptide fragmentation.
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The LEFT technology employs a low voltage

(8

kV) in the initial acceleration region

to minimise the parent ion kinetic energy distribution, which is retained when the
voltage is increased to 25 kV in the LEFT cell, allowing resolution of post-source
decay fragments from peptide ions. The fragment ions from post-source decay of a
single parent ion are focussed in a single fragment ion detection experiment. Either
2,5-DHB or HCCA were used as matrices in LIFT measurements, depending on the
ease of analyte fragmentation.

MALDI-q-TOF-MS and MS/MS
MS/MS measurements were also carried out upon the Q-Star instrument, which was
equipped with a prototype high-pressure MALDl source (-10'^ Torr) using a
conventional Nitrogen laser (5Hz pulse repetition rate 3ns pulse width).

This

instrument was capable of carrying out collision-induced dissociation (CED)
fragmentation (collision energy 70-110 V) upon selected parent ions. Both 2,5-DHB
and HCCA were used as matrices in these experiments.

2.1.3 ESI-q-TOF-MS and LC-ESI-q-TOF-MS/MS

ESI-q-TOF-MS/MS
ESI-MS was carried out upon the Q-ToH^ instrument (Micromass, Manchester), with
a modified nanospray source adapted for use with PicoTip"^^ fused silica capillary
needles (New Objectives, Woburn, MA). This instrument was used either with direct
infusion via a syringe pump (Harvard Instruments, Holliston, MA), or coupled to an
UltiMate nanoflow HPLC system (LC Packings, Amsterdam, Netherlands). In both
cases a flow rate of 200 nLmin'^ was typically used. Mass spectrometric data were
acquired either manually or using automated protocols within version 3.4 and 3.5 of
the MassLynx™ (Micromass) operating software. In this thesis, the primary calibrant
used was human [Glu^J-Fibrinopeptide B (typically 200-500 frnolpL'^).

MS data

acquisition was carried out over a mass range of 400-1500 Da, with an acquisition
time of 1 sec and a cone voltage of 35 V.

LC-ESI-q-TOF-MS/MS
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HPLC measurements with on-line mass spectrometric detection and CID experiments
were performed on an UltiMate HPLC system coupled to the Q-Tof instrument.
Samples were loaded via a Famos autosampler and desalted using a C l 8 guard
column (300 pm x 5 cm PepMap, LC Packings) at 100% solvent A (0.1% formic
acid), diverting the eluent to waste before switching the analytical column (CIS
PepMap, 75 pm x 15 cm) into line. Peptides were separated using a linear gradient of
5% to 55% solvent B (80% MeCN, 0.1% formic acid) over 30 min. Automated
selection of peaks was carried out using the automatic function-switching mode in
MassLynx™, which enabled the instrument to select suitable ions for CID according
to their peak intensity and isotope distribution.

Typical settings for automated

analysis were:
MS data acquisition:

as above

Automatic switching setup:

MS

to

MS/MS

when

ion

intensity

>15

counts/sec
MS/MS:

cone voltage 35 V.

Detection window:

3.2 Da, 2 components.

Parent ion charge state tolerance:

5 Da window.

Mass extraction window:

2 Da, 50% main peak height.

Automatic precursor ion selection:

include mass after 120 sec, discard uninteresting

survey scans (TOF-MS where no multiply-charged parent ions are observed are not
saved).
Collision energy:

25 & 28 eV for 300-600 Da
27 & 30 eV for 600-900 Da
30 & 33 eV for 900-2000 Da

MS/MS to MS switching was triggered either by a decrease in TIC to <2000
counts/sec or after 5 sec. Automatic generation of peaklists for database searching of
MS/MS data was carried out using the ProteinLynx™ module within MassLynx™,
processing the spectral data prior to automated peak detection using

2

smoothing and a centroid top of 80%, with a minimum peak width of

channel mean
2

channels at

peak half height.
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2.2 HPLC
Off-line HPLC measurements were carried out upon an ABI HPLC system (Applied
Biosystems), equipped with an ABI 1400 binary pump solvent delivery system.
Samples were separated using 30 m gradients over the range 5% to 100% solvent B
(solvent A 0.1% TFA, solvent B 80% MeCN, 0.1% TFA), at flow rates of 30-60
pLm in'\ monitoring elution using an AB 785A programmable absorbance detector
set to a wavelength of 210 nm. Fractions were collected manually or using a Jaytee
fraction collector and were dried down using a vacuum centrifuge and resuspended in
0.1% formic prior to analysis by MALDl-TOFMS. Online HPLC measurements were
carried out using the UltiMate''''^ HPLC system as detailed above.

2.3 Polyacrylamide Gel Electrophoresis
2.3.1 Protein separation by PAGE

ID-PAGE was carried out using either commercially available precast 12% Trisglycine gels, (ReadyGels, BioRad, Hemel Hempstead, Herts) or by preparing gels as
required. Precast gels were used in minigel format (0.75 mm x 5 cm x 4 cm) whereas
gels cast in-house were cast in any format required and to any desired percentage.
Resolving gel:

Tris-HCl 0.28 M, pH 8 .8 .
Acrylamide/bisacrylamide (37.5:1 stock solution) to
final concentration of choice ( 1 0 -2 0 %, depending the on
the mass range for separation)
SDS 0.1%
Ammonium persulphate (APS) 0.05%
N,N,N' ,N' -T etramethylethylenediamine

(TBMED)

0.15%

Stacking gel:

Tris-HCl 125 mM, pH

6 .8

Acrylamide/bisacrylamide 4%
SDS 0.1%
APS 0.05%
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TEMED 1%
Sample loading wells were created with a comb, and gels were allowed to polymerise,
preferably overnight.

Extended polymerisation minimised the presence of free

acrylamide in the gel, which reduced the likelihood of formation of mixed cysteine
alkylation products following the electrophoretic run (Patterson, 1994).

Prior to

sample loading, proteins were mixed with sample loading buffer and heated to 95°C
for 5 min to denature proteins fully before loading.
Sample buffer:

Tris 0.134 M, pH

6 .8

SDS 4% (w/v)
Bromophenol blue (BPB) 0.06% (w/v)
p-mercaptoethanol (BME) 6 % (w/v)
Glycerol 20% (w/v)

Minigels were typically run at a constant voltage of 100-150 V, for 1-2 h, whilst large
(1.5 mm X 15 cm X 20 cm) format gels were run with a constant current of 8-10 mA
per gel overnight. Following electrophoretic separation of proteins on gels, separated
protein molecules could be visualised using various different staining methods, which
will be described below.

Precast gels were used to save time, since home-made gels should be prepared the day
before electrophoresis to minimise cysteine acrylamidation, as mentioned above. In
the case of tris-tricine gels (see section 2.7.3), where only a few gels were required,
purchasing precast minigels was also more economical.

2.3.2 Staining methods

Prior to staining with silver or Coomassie, gels must be fixed to prevent diffusion of
electrophoretically separated proteins through the gel matrix.

This was typically

carried out using 40% ethanol, 10% acetic acid. Although methanol-based solutions
are of equal utility in fixing and staining of gels, methanol is far more toxic than
ethanol and its use should therefore be limited where possible. Fixing was carried out
from a minimum of 15 min up to 18 h.
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Silver staining
The protocol used for silver staining derives from that of Shevchenko et al.
(Shevchenko, 1996) with minor modifications. Silver staining is more sensitive than
Coomassie but also more laborious, variable and has higher background staining
levels.

Gels were washed in 50% ethanol for 20 min, then twice in water for 10 min to
remove the acetic acid, which neutralises the sensitising agent.
sensitised using sodium thiosulphate (0 .0 2 % w/v) for
for

1

1

Gels were then

minute, washed twice in water

min, and stained in chilled silver nitrate (0.1% w/v) at 4°C for 30 min.

Development of the stain was carried out in a solution of sodium carbonate (2%) with
formalin (0.04%), replacing the developer solution as it became yellow. Development
of the stain was monitored until a good spot/band-to-background ratio was achieved,
at which point the developer was discarded and the reaction stopped with 1 % acetic
acid. Gels were stored in stop solution until they were scanned and the bands cut.
Scanning was carried out upon a BioRad FX710 or FX700, exporting the graphic files
in TIFF format. Stained bands were cut from the gels using a sterile scalpel blade,
and the excised bands placed in siliconised microtubes (BioQuote, York). Excised gel
pieces were stored at -20°C until digestion was carried out.

Coomassie staining
There are several different Coomassie-based staining protocols available, which vary
in the type of Coomassie to be used, the solvent used to suspend the dye and the
destaining protocol.

For Coomassie-Brilliant Blue (CBB) R-250, fixed gels were

washed twice in water for

10

min to remove fix solution before being completely

covered in a solution of CBB (CBB-R-250 0.25% (w/v) (Pierce, Rockford, IL, USA)
in 50% methanol, 10% acetic acid for 1-18 h. Gels were destained in a solution of 5%
acetic acid, 7.5% methanol for a minimum of 1 h, until background staining
descended to a level such that clear bands of protein were visible. Gels were stored in
1

% acetic acid until scanning and excision of bands.
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In this work, the main Coomassie staining protocol relied upon the commercially
available GelCode reagent (Pierce), a water-soluble colloidal Coomassie G-250-based
stain. This stain binds more specifically to protein bands giving very low background
staining.

Gels were washed 5 times in distilled water to remove gel fix before

immersion in sufficient GelCode to cover. Staining was then allowed to proceed for
1-18 h before enhancement in distilled water.

Gels were stored in water until

scanning and band excision.

2,4 Enzymatic digestion o f protein substrates

Protein digestion was carried out using various enzymes (See Table 2.4.1), depending
upon amino acid sequence, using samples both in gel pieces and free in solution.

Table 2.4.1 Proteolytic enzymes used in this work
Supplier
Promega
(Southampton)

Cleavage Specificity

Roche
Molecular
Biochemicals
(Lewes, East
Sussex)

N-terminal to aspartic acid residues'’

Lys-C Sequencing
Grade

Roche
Molecular
Biochemicals
(Lewes, East
Sussex)

C-terminal to lysine residues

Glu-C

Roche
Molecular
Biochemicals
(Lewes, East
Sussex)

C-terminal to glutamic acid residues

Enzyme
Trypsin Porcine
Sequencing Grade,
modified
Asp-N Sequencing
Grade

C-terminal to lysine and arginine residues®

Notes: “ Except when follow ed by proline. ^ Can also cleave N-terminal to glutamic acid.

2.4.1 In-gel digestion

The excised band (or spot) to be studied was cut into small pieces to aid enzyme
access to gel-separated protein and placed in a clean siliconised tube. Silver stained
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gel pieces were destained in 1% H2 O2 for 5 minutes, according to the method of
Sumner et a/.(Sumner, 2002). Both destained silver-stained and Coomassie-stained
gel pieces and were washed 3 times in sufficient volume 50% MeCN to cover the gel
pieces, this removes Coomassie stain and dehydrates gel pieces, which then become
opaque. Samples were further dehydrated in a SpeedVac vacuum centrifuge (Savant,
Long Island, NY) for 10 min before reduction in 10 mM DTT and 25 mM ammonium
bicarbonate for 45 min at 50°C.

Alkylation was then carried out in 50 mM

iodoacetamide and 25 mM ammonium bicarbonate for 1 h in the dark at room
temperature. This process reduces disulphide bonds and irreversibly alkylates free
cysteine residues. Following reduction and alkylation, the gel pieces were washed in
50% MeCN (two times, or until gel pieces become opaque) and dried by vacuum
centrifugation for 30 min. Enzyme solution was then added to the dehydrated gel
pieces, reswelling them to full size at 37°C for 5 min before the sample was overlaid
with a sufficient volume of 25 mM ammonium bicarbonate to cover all gel pieces,
preventing dehydration during proteolysis. Appropriate enzyme concentration and
volume depended upon substrate concentration and size of gel band or spot, (typically
5-20 pL solution, containing 20-200 ng enzyme per gel spot or band). Samples were
incubated overnight at 37°C, before the supernatant was recovered and transferred to
a new tube.

Two volumes of 5% TFA/50% MeCN were used to further extract

peptides from the gel, pooling all extracts, before complete drying o f extracted
peptides under vacuum. Samples were typically resuspended in 5-10 pi 0.1% formic
acid for analysis by MALDI-MS.

2.4.2 Solution Digestion

Where standards such as a-casein were used to carry out method development work,
large quantities of digest were prepared using solution digestion (typically a stock of 1
mL at 100 pmolpL’’) was prepared once a year and stored in 100 pL aliquots for use.
In cases where immunoprecipitated or affinity-purified proteins were available as pure
substrates for analysis, these were also prepared by solution digestion.

Prior to

digestion, in silico digestion of the protein of interest was carried out using the MSDigest software tool (version 3.4 or 4.1, ProteinProspector, UCSF, San Francisco,
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CA) (Clauser, 1999) to determine the most appropriate enzyme for digestion and the
necessity of reduction/alkylation steps for cleaving disulphide bridges and protecting
free cysteines. Solution digestion is inhibited by the presence of alkylating agents, so
where reduction/alkylation steps were performed (as per Section 2.5.1), a five-fold
excess of lAM was used to remove free DTT following reduction. To remove these
agents, dialysis against a semi-permeable membrane (Millipore) was carried out prior
to digestion.

In-solution digests were typically carried out following treatment with JAM and DTT
as for in-gel digestion, removing reductant/alkylation agent by microdialysis.
Digestion was performed using an enzyme:substrate ratio of 1:100 (w/w) for 2-18 h,
depending upon the optimal time for digestion. Aliquots could be taken at various
time points to monitor enzymatic cleavage. Following digestion, the substrates were
stored at -40°C.

2.4.3 Analysis of mass spectrometric data

MALDI-TOF-MS data were screened against the NCBI or SwissProt sequence
databases by searching with Internet-based database searching programs, usually the
MS-Fit programme within ProteinProspector (UCSF) or using Mascot (Matrix
Science, London) (Perkins, 1999). Typical search parameters were as follows:
NCBI protein database, 2 missed enzymatic cleavages allowed, N-terminus hydrogen,
C-terminus free acid, carbamidomethyl cysteines as fixed modification.

Typical

variable modifications were: acrylamidocysteine, peptide N-terminal Glu to pyroGlu,
methionine oxidation and protein N-terminal acétylation. Typical peptide ion mass
accuracy was 50-250 ppm, depending upon the accuracy of the instrument used for
acquisition and the calibration method (internal or external).

Peak lists of

monoisotopic, protonated peptide ion masses were then generated and used to
interrogate the NCBI database or self-generated single-protein databases in the case of
epitope-tagged substrates.
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LC-ESI-q-TOF-MS/MS peaklist files were generated automatically using the
ProteinLynx tool within MassLynx. Peaklist files were then searched using Mascot,
allowing the same parameters as above with a 2 0 0 mmu fi'agment ion mass tolerance.
Unmatched peptide fragmentation spectra from Mascot searches were manually fed
into the web-based search program MS-Tag within ProteinProspector (UCSF), with
the same parameters as above, allowing a fragment ion tolerance of 2-500 ppm.
Manual sequencing was also carried out in cases where good fragment ion data were
observed but no match was achieved from MS-Tag. Manually-interpreted sequences
were searched against the NCBI database using the MS-Pattem program within
ProteinProspector (UCSF).

2.5 Immobilised Metal Ion Affinity Chromatography
This section describes specific methods used in Chapter 3. IMAC of protein digests
was carried out in a manner similar to that of Zhou et a l (Zhou, 2000), minor
modifications as published (Hart, 2002).

2.5.1 Preparation of IMAC resins

Various different types of packing material were investigated, including Poros MC
(Applied Biosystems), Ni(II)-NTA-Sepharose (Qiagen, Crawley, West Sussex), and
magnetic Ni(II)-NTA-Agarose (Qiagen). Most of the IMAC analyses in this work
used Ni(II)-NTA Sepharose beads (Qiagen).

Ni(II)-NTA beads were stripped of nickel ions using 100 mM EDTA, pH 8.0,
removing the blue colour of the beads. The beads were washed with 100 mM acetic
acid to remove chelator (EDTA) and then re-equilibrated with 100 mM FeClg in 100
mM acetic acid, loading the stripped beads with Fe(III) ions. Beads were then washed
in 10 volumes of 100 mM acetic acid to remove unbound metal and were stored at
4°C until they were required.

In some experiments; beads were prepared in an

identical manner, substituting 100 mM GaNO] or GaClg in place of FeClg.
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2.5.2 Immobilised metal ion affinity chromatography

IMAC was generally performed using 10 pL each of settled resin and digest solution.
Peptides were loaded onto the beads in 100 mM acetic acid and incubated upon a
wheel for 30 min. The beads were then washed with 3 x 50 pL aliquots of acetic acid
and followed by 3 x 50 pL aliquots of HPLC-grade water. Bound peptides were
eluted from IMAC beads in 10 pL of 100 mM ammonium dihydrogen phosphate.

In the method development stages of this work, solution tryptic digests of the model
phosphoprotein a-casein (a mixture of the asi and a §2 isoforms) were used as
substrate for IMAC analysis, due to the hyperphosphorylation of this milk protein,
which is readily available and contains multiple phosphorylation sites, which are well
characterised (Bemos, 1997; Cao, 2000b). Tryptic digestion of a-casein was carried
out by overnight solution digestion at a stock concentration of 100 pmolpL'^ casein as
described in Section 2.5.2.

The digest was then diluted to a typical working

concentration of 1 pmolpU’ for IMAC investigation. Other substrates were used as
in the results section.

2.5.3 Preparation of synthetic peptide substrates for IMAC analysis

In order to examine the IMAC binding properties of phosphopeptides, synthetic
phosphopeptides were examined, as detailed in table 2.6.1
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Table 2.6.1: Synthetic peptide substrates for IMAC analysis
Peptide n a m e

Supplier

Sequence

A ntiestrogen Yp^

Sigm a

C N Y V PL pY D LL L E

p l'
4.1

N /A
PKA^

In vitro kinase?^

K em ptide

Sigm a

LRRApSLG

12

MARCKS'^

A fE niti R esearch

K K K K K RFpSFK K pSFK L pSG FpSFK K N K K K

11.6 P K C a ^

PK C substrate peptide^

Products (E xeter)
A m erican Peptide

PL pSR T L SV A A K K

11.2 P K C a ^

PL pSR TL pSV A A K K

11.2 N /A

C om pany,
(S unnyvale. C A .)
A lta B io scien ces

PK C 2P peptide^

(B irm ingham
U niversity)

Notes: ’ A s determined using M S-Digest.
known abbreviations.
homodimerisation.

^ Protein kinases are referred to using their com m only-

^ Antiestrogen Yp 537 is a peptide which blocks estrogen receptor

MARCKS is an acronym for myristoylated Ala-rich C kinase substrate (peptide

phosphorylated site domain, residues 151-175). ^ PKC substrate peptide refers to a mutated G lycogen
Synthase (1-12) peptide ([Alagjo, L ysnjz]).

^ PKC 2P peptide was prepared as a custom synthetic

peptide phosphorylated upon both serine residues.

Peptide kinase assay
Unphosphorylated synthetic peptides were phosphorylated by in vitro kinase assay
using protein kinase C or protein kinase A. Assays were carried out in an ATPcontaining buffer.

PKA assay buffer (pH 5.6):

Sodium acetate 5 mM
Disodium hydrogen phosphate 0.1 mM
Urea 800 pM
Magnesium sulphate 2 mM
ATP 100 pM

For kemptide assay, PKA was used at 2 m gm L'\ and the reaction was allowed to
proceed at 37°C for 30 min, stopping the reaction by storage at -40°C (Neville, 1998).

Assays using PKC (kindly donated by Taras Valovka, Cell Regulation Group, LICR)
required the use of the lipids diacylglycerol (DAG, 2 mgmU’ in chloroform), and
phosphatidyl serine (PS, 10 mgmU’ in chloroform). Lipids were dried under nitrogen
and made up in resuspension buffer (10 mM HEPES, 0.3% Triton-X-100)
immediately prior to beginning the reaction. Substrates were used at 100 pmolpL'^
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and 2 pL of enzyme was used per assay. Kinase assay was performed in a HEPES
buffer.
PKC assay buffer (pH 7.4):

20 pM HEPES
10 mM Magnesium chloride
100 pM Calcium chloride
lO pgPS
2 pg DAG
333 pM ATP

These assays were performed at 30°C for 30 min, stopping the reaction at -40°C.

2,6 Application o f IM AC to the Analysis o f Proteins Involved in Signal
Transduction
Following the method development, the optimised IMAC protocol was applied to
several

substrates

in

collaboration

with

other

groups

to

investigate

the

phosphorylation of various proteins of interest in signal transduction pathways. This
section describes the sample preparation steps which were performed prior to
subsequent analysis specifically pertaining to the results discussed in Chapter 4.

2.6.1 Analysis of GSK-3P using IMAC

Samples of GSK-3P were kindly donated by Elizabeth Fraser (Developmental
Biology Team, Institute for Cancer Research, Chester Beatty Laboratories).

The

protein had been transiently overexpressed using a hexahistidine-tagged construct
(pFASTBAC Hta) and purified using TALON resin (Dajani, 2001), before being
subjected to an in vitro kinase assay with recombinant ZAK catalytic domain.
Samples from two different batches of recombinant GSK-3P were supplied. Protein
from the second batch was also subjected to kinase assay with ZAK, an aliquot this
sample was provided for analysis. An aliquot of untreated ZAK was also examined.

Analysis from solution digestion o f GSK-SP
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Overexpressed GSK-Sp was provided as a purified solution. Samples were reduced
and alkylated in solution as previously described, and microdialysed using
microporous membrane filters (Millipore, Watford) for 3 h against 5 mM ammonium
bicarbonate to remove excess DTT and lAM. Tryptic digestion was then carried out
for 1 h before mass spectrometric analysis by MALDL To facilitate phosphorylation
site analysis, IMAC was performed according to standard protocols (see Section 2.6),
using 100 mM ammonium phosphate to elute IMAC-retained peptides.

Analysis o f GSK-3J3 by two-dimensional gel electrophoretic separation
2-Dimensional gel electrophoresis was used to compare the number of protein spots
attributable to GSK-Sp (and hence the number of iso forms) before and after kinase
assay.
Proteins were separated in the first dimension according to their isoelectric point
using 18 cm immobilised linear pH gradient (IPG) strips, pH 3-10 (Amersham
Biosciences, Amersham, Bucks).

Strips were incubated with 1.5 pg protein in a

urea/CHAPS lysis buffer composed of:

8 M urea (Merck, Leics., UK)

2 M thiourea
CHAPS 4% (v/v)
65 mM DTT
2 pL Bromophenol blue was added to this rehydration mixture to allow the
application of charge to be visualised. Ampholytes were added to the rehydration
mixture (3.5 pL each of ampholine 3-10 and pharmalyte 3-10, Amersham
Biosciences). The rehydration mixture was then evenly pipetted into the rehydration
chamber. IPG strips were placed on top of the rehydration mixture, before being
covered with 2 mL mineral oil to prevent strip desiccation. Strips were rehydrated
overnight at room temperature. Following strip rehydration, the first dimension was
run using the MultiPhor system (Amersham Biosciences). The MultiPhor electrode
was covered with a layer of mineral oil to allow good heat transduction, preventing
localised overheating of the strips.

A plastic running tray was placed upon the

electrode and rinsed, and the rehydrated strips were placed in the wells of the tray.
Dampened wicks were applied to the anodic and cathodic ends of the gel strips and
electrodes attached to provide an electrical contact. IPG cover fluid was then applied
to the electrode tray to prevent dehydration. The first dimension was run as follows:
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300 V gradient over 30 min
3500 V gradient over 6 h
3500 V for 20h
Strips were stored in Saran wrap at -20°C until the second dimension was run. Prior
to electrophoretic separation, strips were equilibrated, at room temperature for 30 min.
Equilibration buffer: 6 M urea,
SDS 2% (w/v)
DTT 0.01% (w/v)
50 mM Tris-HCl, pH 6.8,.

Second dimension polyacrylamide gels were run as 18 cm x 20 cm x 1.5 mm isocratic
10 or 12% polyacrylamide gels, using the BioRad system. Equilibrated IPG strips
were laid on top of the second dimension gel, and the strips overlaid with molten 1%
(w/v) electrophoresis agarose, (containing 0.005% CBB for visualisation of the
electrophoresis), which was allowed to set. In some cases, a well was made on the
acidic side of the agarose using a gel-loading pipette tip, which allowed loading of
prestained molecular weight markers, for orientation and to determine rough protein
molecular weight.

Gels were run at a constant current of 25 mA/gel overnight.

Following electrophoresis gels were fixed for 1-18 h, and stained with silver (see
section 2.3.2) to visualise protein spots.

2.6.2 Analysis of 4E-BP1
In vitro kinase assay was carried out upon eukaryotic translation initiation factor 4Ebinding protein 1 by Lazaros Foukas (Eukaryotic Cell Regulation Group, Department
of Biochemistry & Molecular Biology, UCL).

Rat recombinant 4E-BP1

(Calbiochem, San Diego, CA, USA) was phosphorylated by MAP kinase (Erkl)
(Upstate Biotechnology, Milton Keynes), purified DNA-PK (Promega) or PI-3-kinase
pllOy (purified by L. Foukas). Kinase assays were carried out in 50 mM Tris-HCl,
pH 7.4, either in the presence or the absence of 5 mM sodium chloride, p l lOy assays
were carried out in the presence of ImM ATP and 100 mM manganese chloride,
whilst MAP kinase assays were carried out with 1 mM ATP and 100 mM magnesium
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chloride. Kinase assays were performed overnight at 25°C, storing the sample at 20°C until analysis.

Tris-tricine gel electrophoresis
Tris-tricine gel electrophoresis was used to separate the small (14.5 kDa) 4E-BP1
protein from kinase and salt. Tricine gels were either run by Lazaros Foukas or run
using BioRad precast Tris-tricine ReadyGels, 10-20% gradient. Samples were mixed
1:2 (v/v) with sample loading buffer and heated to 95°C for 5 minutes before loading
Loading buffer:

200 mM Tris, pH 6.8
SDS 2% (v/v)
Glycerol 40% (v/v)
Coomassie Brilliant Blue, R-250 0.04% (w/v)
BME 2% (w/v) (added immediately prior to use)

Tris-tricine ReadyGels were run using a single buffer.
ReadyGel buffer:

100 mM Tris-HCl, pH 8.3
100 mM Tricine
100 mM SDS

Home-made tris-tricine gels were prepared according to the methods of Schaegger &
von Jagow (Schagger, 1987), using the following buffers:
Anode Buffer:

200 mM Tris-HCl pH 8.9

Cathode buffer:

100 mM Tris, 100 mM Tricine, 0.01% SDS

(w/v)
Gel buffer:

3 M Tris-HCl (pH 8.45), 0.3% SDS (w/v)

Recipe (12% minigel) :

Gel buffer 30%
Acrylamide 12% (w/v)
APS 0.4% (w/v)
TEMED 0.08% (v/v)

Gels were run at 120 V for 1-2 h before fixing and staining with silver (see section
2.3.2). Digests were carried out using Asp-N at -1:200 (w/w) enzyme:substrate ratio
(see section 2.4.2).
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In-solution digestion and HPLC fractionation
4E-BP1 samples which had been subjected to kinase assay were microdialysed
against HPLC-grade water using microdialysis membrane filters prior to digestion
using Asp-N as previously described (Sections 2.5.2, 2.7.1). 4E-BP1 peptides were
analysed by mass spectrometry prior to use in IMAC analyses. Following in vitro
kinase assay of 4E-BP1, proteins were alternatively prepared by semi-preparative
HPLC (see Section 2.2) with a custom-prepared Poros R2-10 column packing
material (PE Biosystems). PEEK tubing (300 pm i.d. x 5 cm) was used to prepare
columns, which were allowed to pack overnight at flow rates of 10 pLmin"\ Proteins
were loaded onto the column and eluted using a gradient of 5-100% B (80% MeCN,
0.1% TFA), as detailed in section 2.2.

Fractions were then dried in a vacuum

centrifuge to complete dryness and resuspended in 0.1% formic acid to an appropriate
volume (5-10 pL), depending upon the amount of analyte. Fractions were analysed
using the Bruker Ultraflex Tof/ToF^ mass spectrometer, with 2,5-DHB as matrix.
Fraction(s) containing peaks of interest were then subjected to Asp-N digestion in
solution.

2.6.3 Analysis of RhoE
Recombinant RhoE was transiently overexpressed as a Flag-tagged construct in Cos?
cells and phosphorylated using ROCK by Kirsi Riento (Cellular and Molecular
Biology, LICR, UCL Branch, London), according to the methods of Guasch et al.
(Guasch, 1998d). Briefly, RhoE was produced as a Flag-tagged fusion protein, which
was either transfected alone or in combination with a myc-tagged ROCKl C-terminal
truncated construct (kindly donated by S. Narumiya, Department of Pharmacology,
Kyoto University, Japan). These constructs were analysed by ID PAGE with silver
staining, IMAC and mass spectrometry in conjunction with Hanako Tsushima
(Department of Biochemistry, UCL).

On-bead kinase assay o f RhoE
Overexpression and kinase assays were carried out by Kirsi Riento.

GST-tagged

RhoE was expressed using E.Coli and purified using glutathione sepharose
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(Amersham Biosciences), before thrombin cleavage of the fusion protein to give a
RhoE product lacking its N-terminal methionine and with 6 additional amino acids
from GST at its N-terminus.

This protein product was phosphorylated using

recombinant myc-tagged ROCK (A 1-ROCK). ROCK was immunoprecipitated using
anti-myc Protein A Sepharose and the kinase assay carried out in the soluble fraction
above the immunoprecipitate. ROCK kinase assay buffer:
50 mM Tris-HCl, pH 7.5
10 mM magnesium chloride
1 mMDTT
30 pM ATP

Kinase assays were performed for 30 min at 30°C, gently vortexing every 10 min.
Following centrifugation the supernatant was removed and re-centrifuged to ensure no
contamination with beads. Following solution kinase assay, the protein yield was
estimated using silver staining of 12% ID ReadyGels. Solution digestion with AspN, Lys-C and trypsin was used to obtain peptides for mass spectrometric analysis and
IMAC experiments, with reduction, alkylation and microdialysis being carried out as
previously described (see section 2.4.3).

2.6.4 On-target enzymatic dephosphorylation
Following analysis by MALDI-MS, RhoE was treated by on-target calf intestinal
phosphatase (CIP) treatment analogously to the methods of Larsen et a l (Larsen,
2001). Briefly, samples which had been previously analysed using 2,5-DHB matrix
were resuspended in 1 pL o f 25 mM ammonium bicarbonate containing 0.5 U of CIP
(Roche Molecular Biochemicals) upon the MALDI target. Samples were incubated at
37°C in a hydration chamber (a sealed box containing tissues dampened with water to
maintain sample hydration) for 30 min, before re-drying under a stream of warm air
and re-analysing by MALDI-MS.
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2,7 Investigation into the Binding Properties o f IM AC Resins
This section describes methods specific to the investigation into the binding properties
of IMAC resins (Chapter 5).

Several substrates were used in this study, these

substrates were dephosphorylated a-casein, GST-p27^’^^ (provided by Karin
Bamouin, LICR, UCL Branch), GST-Rb (residues 792-928, W. Kaelin, Howard
Hughes Medical Institute, MD) and histone HI (FI Kap, calf thymus, Roche
Molecular Biochemicals). Proteins were phosphorylated in vitro using ^^P-labelled
ATP ([y-^^P] ATP, Amersham Biosciences), in order to quantitatively monitor the
interaction of the phosphorylated species with IMAC resin. Following kinase assay,
proteins were purified using IDE.
determined by phosphorimaging.

The relative extent of phosphorylation was
Parallel studies were carried out using non

radiolabelled ATP for mass spectrometric characterisation.

2.7.1 Tissue culture, cell lysis and immunoprécipitation
Native cyclin E/CDK2 for use in the in vitro kinase assays was obtained by
immunoprécipitation fi*om cultured cells. Cos7 cells were cultured in 15 cm dishes
using Dulbecco’s Modified Eagle Medium (DMEM, Gibco BRL, Paisley),
supplemented with 10% foetal calf serum (FCS), 2 mM glutamine and 100 UmL'^
penicillin/streptomycin (Gibco BRL, Paisley). Dishes at 50-70 % confluence were
selected for cell lysis. Cells were washed 3 times in Ix PBS before being harvested
into a minimal volume (200-500 pL) of PBS using a cell scraper. Cells were pelleted
by pulsing up to 13 krpm in a microcentrifuge. PBS was then removed before adding
a minimal volume (200-400 pL, depending on the number of dishes and cell density)
of lysis buffer.

Cells were lysed on ice for 15 min, before pelleting the insoluble fraction in a chilled
centrifuge (13 krpm, 15 min, 4°C). Protein concentration assay using a Coomassie
assay reagent (Coomassie Protein Assay Reagent, Pierce) was used to determine the
protein concentration of the supernatant, before using 200 pg of total protein for
immunoprécipitation.
Lysis buffer:

50 mM HEPES, pH 7.4
150 mM sodium chloride
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20 mM EDTA
Triton XIGO 0.5% (v/v)
10 mM p-glycerophosphate
1 mM PMSF
6 nM leupeptin
2 mMDTT
10 mM sodium fluoride
1 mM sodium vanadate
Aprotinin 0.1% (w/v).

Immunoprécipitation of cyclinE/cdk2 from cell lysate was carried out using 40 pL of
a polyclonal antibody raised against cdk2 (M2 sc-163 Goat, Santa Cruz
Biotechnology, Heidelberg, Germany).

80 pL of Protein G-Sepharose beads

(Amersham Biosciences) were used to immunoprecipitate the cyclin E/cdk2-antibody
complex at 4°C, rotating for a minimum of 3 h. 500 pL of lysis buffer was used in the
incubation to assist mixing of beads, antibody and protein target. The beads were
then washed to remove non-specific interactions with the beads using 2x 1 mL lysis
buffer and equilibrated in 1 mL of kinase assay buffer.
Kinase assay buffer:

50 mM HEPES, pH 7.4
10 mM Magnesium chloride
10 mM Manganese chloride
1 mMDTT
10 mM p-glycerophosphate
0.1 pM PKA inhibitor

2.7.2 Generation and GSH pulldown of recombinant GST-tagged fusion
proteins
p27^’^^ was cloned by Karin Bamouin into the pACG2T vector (BD Pharmingen,
Cowley, Oxford) and used to generate baculoviral (BacV) infection stocks and GST
fusion protein.

This vector contains an N-terminal GST fusion tag, allowing

purification of the recombinant protein by pulldown using glutathione sepharose beds.
BacV stocks were used to induce overexpression of the GST-p27 by infection of Sf9
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cells. Infected cells were harvested on the 3^^ day post-infection, lysed into a minimal
volume of triton lysis buffer as in the immunoprécipitation protocol, and the lysates
stored at -80°C until they were required. Overexpression of GST-p27 in Sf9 cells was
carried out either by infection of GST-p27 alone or by co-infection of GST-p27 with
recombinant cyclin E (BacV stocks obtained from Bruce Clurman, Fred Hutchinson
Cancer Research Center, WA), and cdk2-encoding BacV.

GST pulldown of tagged protein was performed by combining GSH beads
(Glutathione Sepharose 4 Fast Flow, Amersham Biosciences) and lysate. Pulldowns
were carried out between 30 min and 3 h. Where BacV p27^'^^ had been infected
alone, the fusion protein was eluted from beads for further use following two washes
in lysis buffer and a single wash in tris buffer.
Tris wash buffer:

100 mM Tris pH 7.5
0.1% Triton X-100 (v/v)
1 mMDTT
25nM leupeptin
1% Aprotinin (w/v)
Ix AEBSF

Elution was then carried out in 10 mM glutathione, lOOmM Tris, pH 7.5, rotating for
30 min at 4°C. The yield of the process was determined using a protein concentration
assay as previously described (see section 2.7.1).

This purified substrate was

incubated with immunoprecipitated cyclin E/cdk2 for 30 min at 37°C prior to kinase
assay

to

allow

complex

formation.

Where

the

triply-transfected

GST-

p27kipi/cyclinE/cdk2 sf9 cell lysate was used, the three proteins exist in a stable
complex, the entirety o f which can be purified using GST affinity pulldown to give
sufficient yield of kinase to give good signal following kinase assay.

Bacterially-

expressed GST-Rb was amplified and purified on GSH beads as above by Karin
Bamouin. Both GST fusion proteins were used at a stock concentration of 1 pgpL"^
for kinase assay.
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2.7.3 Kinase assay
Kinase assays were carried out upon recombinant substrates, phosphorylating with
recombinant kinase (casein kinase 2, 10 U p L '\ kindly donated by Giles Cory, LICR,
or cyclinE/cdk2 co-purified with GST-p27 from BacV-infected Sf9 cell lysates.
Section 2.7.2), or using endogenous cyclin E/cdk2 immunoprecipitated from
exponentially growing cos7 cells (Section 2.7.1). Kinase assays were optimised with
regard to time and non-radiolabelled ATP concentration before carrying out largescale assays. Casein kinase assay was carried out using either standard kinase assay
buffer (Section 2.7.1) or with a specific assay buffer.
CK2 assay buffer:

50 mM Sodium chloride
10 mM Magnesium chloride
1 mMDTT
10 mM Tris, pH 7.5

Dephosphorylated a-casein was phosphorylated using CK2 assay, whilst GST-p27^'^%
histone HI and GST-Rb were used as substrates in cyclinE/cdk2 kinase assays. HI
was used at 500 ng per assay and casein at 1 pg. Casein, Rb and histone HI assays
were carried out for 30 min at 37°C, with 50 pM unlabelled ATP, while p27 kinase
assays were carried out for 2h at 37°C, with 200 pM unlabelled ATP. [y-^^P] ATP
was used at -0.4 MBq per assay. These conditions were scaled up tenfold to generate
sufficient ^^P-labelled material to carry out IMAC studies in triplicate. Cold kinase
assays were carried out analogously, omitting the [y-^^P] ATP from the reaction
mixture. Where cold assays were carried out, concurrent ‘hot’ assays were performed
under the same conditions to ensure that the protein was phosphorylated. Following
kinase assay, sample loading buffer was added to samples (70 pl per 20 pL kinase
assay mixture), which were then boiled at 96°C for 5 min before loading onto
polyacrylamide gels (either minigels or large gels, depending upon sample volume).
Gels were fixed and stained using GelCode as described previously (Section 2.3.2).

Following kinase assay and electrophoresis, ^^P-labelled, phosphorylated proteins
were visualised using the BioRad PersonalFX phosphorimager, exposing the
phosphorimager screen to the gels for Ih before scanning.

Coomassie-stained,

radiolabelled bands were then cut for digestion. p27^’^^ was digested using Asp-N,
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whilst HI and casein bands were digested using trypsin according to the protocol
described earlier (Section 2.4.2). Bands from the same protein were pooled in 10-40
pL of 0.1% formic acid, with the total volume depending upon the intensity of the
bands. Pooled radiolabelled digests were counted by Cerenkov counting on either a
Microbeta LSC or a Wallac 1400 LSC (both PE Biosystems) prior to IMAC. In all
cases where Cerenkov counting was performed, a 1 min count was carried out for
each sample.

2.7.4 IMAC of in vitro kinase-phosphorylated substrates
Both radiolabelled and ‘cold’ substrates were subjected to IMAC treatment as in
Section 2.6.2, with some modifications.

To investigate the influence of different

solution conditions, several different load/wash buffers were used, with 100 mM
acetic acid as control and 40% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 6 M urea
and HPLC grade water for comparison with standard loading conditions. A bead
volume o f 10 pL was used, with a binding volume of 100 pL.

In the case of

radiolabelled substrates, a volume corresponding to an initial load count of 800-1000
cpm was used to follow phosphopeptide binding.

A similar amount of the non-

radiolabelled substrates was used in the parallel experiments, as determined by levels
protein loading to the Coomassie-stained gels. Washes were carried out in 3x 50 pL
of the binding solvent only, to investigate the influence of different binding conditions
upon the interaction between IMAC resin and phosphopeptide. Sequential elution
with 2x 20 pL of 100 mM ammonium dihydrogen phosphate was performed.

For radiolabelled samples, Cerenkov counting was carried out at each stage of the
protocol upon each fraction (post removal of supernatant, wash and elution) as well as
upon the beads. All experiments were carried out in triplicate. Interpretation of the
data was carried out using Microsoft Excel, calculating the mean (command
AVERAGE, mean= ( Dc)/n, x= the values of datapoints within a set, n= the number of
datapoints) and the population standard deviation (command STDEVP, standard
deviation= ^ ( n Dc^-( E^^)/n^)) for the statistical analysis of Cerenkov counts. Means
were plotted as bar graphs, using calculated standard deviations as error bars.
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In the case of the non-radiolabelled samples, MALDI-TOF-MS was carried out using
the Bruker Ultraflex Tof/Tof^^ upon all fractions. In order to eliminate the dilution
effect of large loading and wash volumes upon peptide concentration for MALDI
analysis, the fractions were lyophilised and resuspended in 10 pL of 0.1% formic
prior to spotting for MALDI analysis. Where MALDI analysis of non-radiolabelled
kinase assay samples had been carried out following IMAC, on-resin p-elimination
step was used following elution under standard conditions. P-elimination was carried
out as described recently (Thompson, 2003). Briefly, IMAC-retained peptides were
P-eliminated using freshly prepared barium hydroxide (100 mM, 1 pL per pL beads),
at 37°C for 1 h. Barium hydroxide was then precipitated with an equal volume of 100
mM ammonium sulphate. The remaining base was then neutralised using 1% formic
acid (0.5 pL/1 pL beads) and centrifuged to remove precipitate.

2,8 IM AC o f methyl esterified peptides
To reduce the influence of acidic non-phosphopeptide binding to IMAC beads, a
recent study published by Ficarro et al. introduced the use of methyl estérification at
carboxylic acid groups.

The experiments described here are based upon their

protocols for derivatisation (Ficarro, 2002b). Briefly, samples for estérification were
taken to complete dryness before derivatisation in a solution of methanolic
hydrochloric acid (HCImcoh).

HCImcoh was prepared by addition of 160 pL acetyl chloride to 1 mL anhydrous
methanol. Acetyl chloride must be added dropwise with stirring on ice, as the mixing
process in highly exothermic and can be explosive. HCImcoh was prepared freshly for
each derivatisation experiment. Peptides were resuspended in HCImcoh, typically
using 100 pL per 10 pmol protein per experiment, and allowed to esterify for a given
period (timecourses were carried out from 15 min to overnight), before removing the
solvent in vacuo. Optimisation of reaction conditions was carried out using a-casein
as a model substrate prior to the analyses involving radiolabelled peptides, analysing
reaction products using MALDI-TOF-MS upon the Ultraflex™

The optimised

reaction conditions were applied to the radiolabelled substrates, and IMAC binding
assays carried out upon the hot substrates. Parallel assays were also carried out upon
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the cold substrates, analysing each fraction by MALDI-TOF-MS. As a direct
comparison with the experiments above, a-casein solution digests were also
dephosphorylated using in-solution CIP treatment (100 U / 10 pmolpL'^ a-casein) and
the digest was checked to ensure complete dephosphorylation by MALDI-TOF-MS
prior to methyl estérification. IMAC binding and MALDI analysis of the resultant
fractions was carried out on the variously derivatised peptide samples. The extent of
estérification was investigated at different time points of the reaction and by carrying
out multiple estérification and drying steps.

The importance of using anhydrous

reaction conditions in the estérification reaction was investigated using either
anhydrous or HPLC-grade methanol for the preparation of the estérification reagent,
and by use of either a freeze-dryer or a vacuum centrifuge to perform the drying steps.
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Immobilised Metal Ion Affinity Chromatography
Mass spectrometry is increasingly becoming the method of choice for protein
phosphorylation site analysis (Mann, 2002). Femtomole amounts of peptides are now
routinely amenable to mass spectrometric analysis and the advent of high-sensitivity
tandem mass spectrometers further enables unambiguous identification of novel
phosphorylation sites without prior knowledge of their locations within the sequence
of the protein of interest (Kalume, 2003; Mann, 2002). Other available techniques for
phosphorylation site analysis such as TLC and Edman degradation are less sensitive,
typically requiring picomoles of sample and/or the use of radioisotopically-labelled
sample (Blume-Jensen, 2001; MacDonald, 2002; van der, 1994).

Methods using

phosphorylation-specific antibodies require some prior knowledge of the likely
sequence(s) of phosphorylation, as in the use of anti-phosphotyrosine. The high
sensitivity of modem mass spectrometry, combined with tandem mass spectrometric
sequencing makes mass spectrometry ideally suited to de novo characterisation of
protein phosphorylation.

The ability to analyse protein phosphorylation sites by mass spectrometry is still not
sufficiently amenable as to be generally routine or automated.

In some standard

peptide mass mapping and LC/MS/MS experiments, phosphorylated peptides are
observed by chance, which is expected for a modification which is thought to occur
upon up to 90% of proteins (Mann, 2002).

However, in experiments where no

preparative selection of phosphorylated peptides or ions has been included, such
modified peptides are frequently not seen, even where radiolabelling data has strongly
indicated that phosphorylation of the protein has taken place and would be expected
to be detected (Raska, 2002).

Mass spectrometric detection of phosphorylated

peptides occurs with a lower efficiency than that of non-phosphorylated peptides,
principally due to ionization suppression of phosphorylated peptides in positive ion
mode. This effect can be reduced by the use of negative-ion mode experiments or
enzymatic dephosphorylation (Janek, 2001; Larsen, 2001), but these methods are not
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ideally suited to the direct mass spectrometric detection of the residue bearing the
modification by tandem mass spectrometric methods (see Chapter 1, Section 1.3.7).
The goal of modem protein phosphorylation analyses at the global level (termed
‘phosphoproteomics’ by analogy to proteomics) is to achieve a high-sensitivity
detection method (currently sub-picomole to low-femtomole levels of detection for
routine analyses of non-phosphorylated peptides), which is rapid, reproducible and
capable o f unbiased identification of all phosphorylation sites, regardless of sequence.
Because of the inherent problems associated with phosphorylation site analysis in the
presence of non-phosphorylated peptides (Chapter 1, Section 1.3.6), the use of a pre
selection method to improve phosphopeptide analysis is amongst the most important
steps in a mass spectrometry-based strategy for phosphorylation site identification.

Amongst the tools for selective isolation of phosphopeptides is the use of certain
metal ions retained upon a stationary-phase support, known as immobilised metal ion
affinity chromatography (IMAC). IMAC is most widely-used for its application to
the purification of hexahistidine-tagged proteins (Hochuli, 1987; Porath, 1992).
However, the application of IMAC for the analysis of phosphorylated amino acids
and proteins was reported as early as 1986 (Andersson, 1986; Muszynska, 1986), and
published studies subsequently focussed upon its use for phosphopeptide isolation
(Andersson, 1991; Muszynska, 1992). IMAC separation of phosphopeptides from the
background matrix of non-phosphorylated species removes the problem of differential
ionisation of these two classes of peptides, potentially improving the detection limits
for phosphopeptide ions. Additionally, IMAC, unlike antibody-based methods or pelimination, is applicable to both pSer/pThr and pTyr, and hence hypothetically
represents a more unbiased separation method for phosphopeptide isolation in that all
phosphorylated peptides should be retained regardless of the identity of the
phosphorylated amino acid.

Furthermore, phosphorylation analysis using IMAC

separation is easily adapted to pL-scale separations with high compatibility for mass
spectrometric analysis (Nuwaysir, 1993; Schlosser, 2002; Stensballe, 2001). The
investigation, optimisation and successful application of IMAC as a tool for mass
spectrometry-based phosphorylation site elucidation was therefore a focus for the
work presented within this thesis.
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A literature search for papers using the Boolean search terms “IMAC” AND
“phospho*” using the Web of Science^ scored 40 hits. These publications included a
large number which describe variations in the method for applying IMAC to
phosphopeptides capture (summarised in Appendix 1: Literature search for protocols
featuring IMAC separation of phosphorylated peptides).

Within the published

literature, it was evident there was an overall lack of a consensus over the optimal
method. Different papers detail the use of different types of stationary phase, co
ordinating ligand and metal ion, and employ different conditions for phosphopeptide
binding, washing of IMAC beads and elution steps.

Many of the protocols also

featured the use of buffer systems which are not directly compatible with mass
spectrometric analysis (e.g. high sodium content in wash and elution buffers),
necessitating the need for introducing post-IMAC sample cleanup to make the
methods viable. The lack of accord in the published protocols, combined with the low
compatibility of many of these methods with downstream mass spectrometric analysis
and widespread reports of low reproducibility indicated the need for method
development of a generalised protocol targeted at mass spectrometric analysis.

3,1 Investigation o f IMAC resins fo r the separation ofphosphopeptides
The establishment of a general mass spectrometry-compatible IMAC protocol for
phosphopeptide separation requires the optimisation of numerous experimental
conditions. Factors to be considered include bead type, chelate structure, choice of
immobilised metal ion, loading buffer, wash conditions and elution conditions.
Method optimisation was generally carried out using in-solution tryptic digests of
bovine a-casein as a standard. a-Casein is a well-characterised hyperphosphorylated
protein readily purified from cows milk, which has been used in previous studies to
develop IMAC methodology (Stensballe, 2001; Zhou, 2000). Mass spectrometry was
the principal tool used to evaluate the effect of modifications to the method, since the
protocol was to be specifically designed and optimised for mass spectrometric
compatibility.

^Web o f Science url; http://wos.mimas.ac.uk/ Science Citation Index-Expanded database, searched on

26^ April 2003.
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3.1.1 Bead type and chelate structure

The nature of the stationary phase is a vital factor in IMAC as in any other
chromatographic separation, since it determines the ability of the resin to retain
specific substrates. In the case of IMAC experiments, the functional properties of the
resin are determined by the metal ion, but are also influenced by the metal ion
chelator. The type of polymer used to produce the resin must also be considered,
since this determines how the beads can be used, and may influence the surface
chemistry and binding properties of the resin. For instance, agarose beads cannot
withstand the high pressures involved in HPLC conditions, and are therefore
unsuitable for packing into HPLC columns. IMAC beads are available with several
different bead types and surface chemistries.

The various stationary phases available for carrying out IMAC separations can differ
in bead size, pore size, porosity and ligand density. The most commonly-used resins
in IMAC applications are agarose beads, which are made of a galactose polymer.
These agarose beads, including sepharose, although easily functionalised to change
the specific affinity of the beads, are not particularly physically robust and care must
be taken to avoid unnecessary mechanical stress such as vortex mixing of beads and
other excessive shear stress. Other commonly used resin types are silica beads (as
used in HPLC columns) and Poros beads (polystyrenedivinylbenzene particles). The
latter are engineered with large ‘throughpores’ to allow high flow rates, and small
‘diffusive pores’ inside the beads which carry the specific surface modifications for
retaining analytes. Other types of stationary phase packing material are available but
are less widely used, particularly in the field of IMAC, and not all ligands for
chelating metal ions to the solid phase are currently available with all bead types
without custom derivatisation of the resin surfaces.

Only commercially-available

resins were investigated within this method development study.

The two main commercially available metal chelator ligands functionalised onto the
resins are the tridentate ligand iminodiacetic acid (IDA), and the tetradentate ligand
nitrilotriacetic acid (NTA) (Figure 3.1.1), which are both widely used for IMAC
purification of hexahistidine-tagged proteins and phosphopeptide enrichment. A third
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commercially-available resin type is Talon™ (Clontech, Palo Alto, CA, USA). This
resin possesses a tightly coordinated Co(II) ion within an electronegative pocket in the
chelating groups’ tetradentate structure. The use of Talon™ has yet to be extended to
studies of binding groups other than His-tagged proteins, and only NT A and IDA
were investigated in this study.

o
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•tether
NL

^ te th e r

O

N:—tether

0

o
Im inodiacetic acid (IDA)

O
Nitrilotriacetic acid (NTA)

Talon™ chelator

Figure 3.1.1: Iminodiacetic (IDA), nitrilotriacetic acid (NTA) and Talon^^
ligand structures
IDA is a tridentate ligand, whilst NTA and Talon'^’^ are tetradentate.

Ligand

structures are shown without metal ions for simplicity. In IMAC beads, these ligands
are tethered to resin by covalent linker groups.

NTA and IDA ligands are typically employed to immobilise Fe(III) and Ni(II) ions in
IMAC experiments. In solution, these metals adopt octahedral coordination structures,
with six empty valence shell orbitals, which can be occupied by electron pairs jfrom
donor ligands. The NTA and IDA ligands coordinate metal ions via lone pairs of
electrons on the carboxylic acid groups and the nitrogen atom. The EDA ligand has
three lone pairs for interaction with metal ions, whilst NTA and Talon have four lone
pairs and can therefore immobilise metal ions more effectively. High retention of the
metal ion is important to avoid the potential for metal ion leaching (Hochuli, 1987)
and is an important consideration for IMAC method development. Where IDA resin
has been used, metal ion leaching has been suggested to be problematic (Posewitz,
1999; Zhou, 2000).

To determine the most appropriate stationary phase for EMAC separation of
phosphopeptides, initial experiments were carried out to compare the retention
properties o f different commercially available IMAC resins which relate to the bead
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type and chelating functionality.

The phosphopeptide affinity of NTA-modified

beads as agarose or magnetic agarose beads were compared against IDA-Poros beads.
Since batch preparation methods were the most effective way of carrying out cross
comparison of multiple conditions concurrently, minimal dead volume conditions
were desirable. In general, lower dead volumes are achieved using Poros beads due to
their lower packing volume. However, metal leaching from the tridentate IDA resin
was postulated to be problematic, whilst the NTA ligand is reported to be more
effective for minimising metal ion leaching (Hochuli, 1987). Unfortunately, at the
time of commencement of this work the sole vendor of NTA-derivatised resins was
Qiagen, and consequently no Poros beads were available derivatised with NTA.
Comparison of the binding properties of the resins was carried out using in vitro
kinase radiolabelled substrate (dephosphorylated a-casein was phosphorylated in
vitro by casein kinase II, see Chapter 2, Methods & Materials) to gain a quantitative
measure of the different binding capacities of the two resins for phosphorylated
substrates.

Phosphopeptide retention upon IDA-Poros and NTA-sepharose was found to be
generally similar (Figure 3.1.2). For a-casein, high retention of phosphopeptides was
evident in both cases following the removal of the supernatant fraction. Very low
levels of radiolabelled phosphopeptide were observed in wash fractions (3 x 50 pL
aliquots of 100 mM acetic acid) for both resin types with the vast majority of
phosphopeptides remaining retained upon the beads. Elution from NTA-sepharose
was less facile than from IDA-Poros using a single lOpL aliquot of ammonium
phosphate. This suggested the phosphopeptides were more tightly bound to the solid
phase for NTA-sepharose than for IDA-Poros, possibly due to stronger metal ion
chelation. The larger dead volume of the NT A-agarose beads may also be responsible
for this lack of elution, as the larger dead volume of the NTA-sepharose makes
removal of the entire elution fraction more difficult. Re-iterative elution in several
volumes of elution buffer may help to gain a more successful elution, but will of
course dilute the eluted fraction and increase the amount of ammonium phosphate in
the pooled eluate, which could cause problems for subsequent mass spectrometric
analyses.

103

Chapter 3: Method Development and Optimisation of IMAC

A

% loaded
in supernatant fraction and on
beads follow ing incubation

03 IDA

Hisn’A

supernatant

B

% loaded

beads post-load

in w a s h fraction and on beads
follow ing w ash

□ IDA
hntta

w ash

C

% lo a d e d

beads post-w ash

in e lu tio n fra c tio n and re ta in e d

on b ea d s fo llo w in g e lu tio n

100

CD IDA

HNfTA

eluted

retained

Figure 3.1.2: Comparison of separation of [^^P]-labeIled casein phosphopeptides
upon IDA-Poros and NTA-sepharose Fe (Ill)-chelating IMAC resins
A starting load o f ~800 cpm was loaded to 10 fiL o f equilibrated IMAC beads, with a total volume o f
100 fiL in 100 mM acetic acid. Beads were incubated at room temperature for 30 m, prior to counting
o f the incubation mixture, pelletting the beads by centrifugation and the supernatant removal.
Supernatant and bound fraction were counted following removal o f supernatant (A). Beads were then
washed (3 x 50 pL 100 mM acetic acid) and the counts in the wash and retained fraction normalised
against total load (B). Elution to displace the retained fraction was then carried out in 1 x 20 pL
ammonium phosphate and the eluted and retained fractions counted (C).
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Figure 3.1.3: Comparison of phosphopeptide separation using NTA and IDA
IMAC resins by MALDI
Casein phosphopeptides were separated by IMAC, using I Oui o f each resin to separate lOul o f
2pmoI/|il a-casein tryptic digest. Bound phosphopeptides were eluted in saturated 2,5-DHBaq (see
Section 3.3.2 for further experiments using 2,5-DHB elution). Peak labels are as in Appendix 2.
(A) DHB-mediated elution o f casein phosphopeptides isolated upon Fe(lll)-1D A Poros resin. Inset;
Region surrounding the prominent phosphopeptide ion peak at m/z 1951.95 (Pi). Note the presence o f
non-phosphorylated peptides N i, N 3 and N 4 , as described in Appendix 2.
(B) 2,5-DHB-mediated elution o f phosphopeptides retained upon Fe(lll)-N T A sepharose resin, inset as
previous. Note fewer non-specifically retained peptide ions are present than in (A). Inset: Region
surrounding prominent phosphopeptide ion Pi
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The use o f magnetic NTA-sepharose beads was also investigated (see Appendix 3).
Although significantly more expensive than NTA-agarose, these beads were reported
by the manufacturers to have an increased ligand density, requiring lower volumes of
beads and thus further minimising dead volumes. Magnetic isolation of the beads
using a magnetically-activated cell sorting magnet or the suppliers’ magnetic
Eppendorf rack would potentially abrogate the necessity for centrifugation and hence
avoid shear stress. Additionally, if organic solvents were to be used that could alter
the centrifugal sedimentation efficiency of the beads, e.g. by affecting bead swelling
volumes and/or solvent density, and hence risk bead (and phosphopeptide) loss,
magnetic sedimentation may be more efficient (Ji, 1996). However, phosphopeptide
retention using these resins was similar to that using NTA-sepharose (as detailed in
Appendix 3), and no real difference was seen in the amount of phosphopeptide
retained following the wash steps. Further use of the magnetic beads was therefore
not pursued, largely because the beads were not particularly easy to pellet by use of
magnets and required both centrifugation and magnetic pelleting, and were therefore
more time-consuming than that of NTA-sepharose.

The retention profile of IDA-Poros and NTA-sepharose resins was also compared
using tryptic digests of commercially available a-casein, by analysing the
phosphopeptide eluent from both resins by MALDI-MS (Figure 3.1.3).

Multiple

experiments indicated a more reproducible separation of phosphopeptides from the
non-phosphorylated component and showed a higher phosphopeptide signal intensity
for NTA-sepharose than for IDA-Poros IMAC.

This result was consistent with

superior retention of phosphopeptides using Fe(III)-NTA chelates and reduced loss of
phosphorylated material in wash steps than was observed for IDA-Poros. The higher
specificity of binding of phosphorylated peptides to NTA-sepharose over IDA
sepharose also meant that fewer non-phosphorylated peptides were observed in
retained/eluted fractions where NTA-sepharose was used.

Such effects would be

anticipated to reduce the signal suppression effect of non-phosphorylated peptides
further, allowing more effective detection of these peptides by mass spectrometry.
Another possible reason for the reduced loss of phosphorylated peptides with NTAsepharose may be that the larger bead diameter of NTA-sepharose relative to IDAPoros reduces accidental loss of beads which occurs during the numerous pipetting
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steps.

The MALDI-MS data obtained indicated a more effective separation of

phosphopeptides where NTA had been used, as lower non-phosphopeptide signal
intensities could be seen.

These initial experiments indicated effective phosphopeptide enrichment could be
achieved using both NTA-sepharose and IDA-Poros, although because of the
observed lower non-specific binding (Figure 3.1.3), NTA-sepharose was adopted for
general use. Little phosphorylated material was lost following the initial binding step,
indicating that IMAC beads provided an extremely high-affinity matrix for the
retention of phosphopeptides. In both cases, effective washing was possible with a
large excess volume o f wash solvent to reduce the number of non-specifically adhered
peptides upon the beads. Data obtained in the retention of

phosphopeptide upon

IMAC beads indicated that although similar amounts of phosphopeptides were
retained using Fe(III)-NTA-sepharose and Fe(III)-IDA-Poros, a more stringent elution
step was required to displace the more closely-retained phosphopeptides from the
NTA beads than was necessary for IDA resin, putatively as a result of the lower dead
volume of IDA-Poros beads. Elution will be discussed in more detail further on.

In the MALDI analysis

of eluted IMAC

fractions (Figure

3.1.3), more

phosphopeptides with higher signal-to-noise were observed following IMAC with
NTA-sepharose than IDA-Poros. This increased phosphopeptide ion signal may have
been partially as a result of the increased levels of non-specific binding to IDA-Poros
resin, causing phosphopeptide ion suppression. Non-specific binding is a significant
problem with IMAC separations, as has been reported in several other studies
(Neville, 1997; Posewitz, 1999; Zhou, 2000).

The phenomenon of non-specific

binding of unphosphorylated peptides to IMAC resin is a well-documented drawback
to standard IMAC experiments (Muszynska, 1992; Zhou, 2000), and is generally
attributable to interaction of acidic peptide side-chains with the metal chelate (Ficarro,
2002b; Raska, 2002).

The experiments using IDA-Poros also suggested that an

additional problem may be the interaction of delocalised electron systems on peptides
containing multiple aromatic residues, such as Phe and Tyr with the IDA resin, (N2 N 4 ), whose sequences are tabulated in Appendix 2.

Such peptides could be

anticipated to interact with the immobilised metal by formation of metal chelates by
the electron-rich side chains, and has been observed previously (Neville, 1997). Such
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increased interaction of non-specifically adhered peptides with the IDA-Poros resin
was not unexpected, since more hydrophobic binding has been reported to be a
problem with the use of perfusion chromatography sorbents (Huber, 2000). Similar
data to these were observed in a study by Neville et a l (Neville, 1997), who carried
out a comparative analysis of peptides from a hexahistidine-tagged construct of the
cystic fibrosis transmembrane receptor protein following in vitro kinase assay with
PKA.

Their experiments indicated that most of the non-specific binding events

observed occurred in three distinct classes.

The first class of ‘non-specifically’-

retained peptides contained the hexahistidine-tagged portion of the protein, which was
the original target of Ni(II)-IMAC. The second group of ‘non-specific’ interactions
resulted from the interaction of acidic side chain-containing peptides with the resin,
whilst the third category included peptides containing multiple aromatic sidechaincontaining residues (Phe and Tyr residues).

Hexahistidine-related peptides were

found to bind to both IDA and NTA, whilst fewer acidic peptides were seen in NTAretained fi"actions.

Aromatic residue-containing peptides were only seen in EDA-

treated digests (Neville, 1997). This interaction may occur as a result of reduced
steric hindrance of bulky aromatic groups’ interactions with the chelated iron by the
tridentate IDA ligand, which would be excluded where tetradentate NTA was used.

Given the observed superior performance of NTA-sepharose during the ^^P labelling
experiments, as evident from the increased retention of phosphopeptides and reduced
non-specific binding observed in the mass spectra, NTA-sepharose was selected as the
preferred IMAC stationary support. However, whilst sepharose beads are ideal for
low flow-rate experiments where mechanical stress upon the beads is minimal, (such
as in the batch preparation methods used in the majority of our studies), in cases
where beads would be used under conditions of increased shear stress and pressure, as
in HPLC-based IMAC methods, Poros^^ beads with EDA ligands were used as an
alternative, more robust resin, albeit one with increased non-specific binding.
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3.1.2 Metal Ion Selection

Altering the metal ion chelated to the IMAC ligand will alter the functional binding
capacity of the resin (Chaga, 2001). The types of metal ion used in IMAC have been
previously classified into three groups, based upon their Lewis acid properties: Hard
metal ions Fe(III), Ca(II)and Al(II), preferentially co-ordinate oxygen atoms;
intermediate metal ions Cu(II), Ni(II), Zn(II) and Co(II), have a broad preference for
nitrogen, sulphur and oxygen atoms; and soft metal ions Cu(I), Hg(II) and Ag(I),
which are preferentially chelated by sulphur-containing molecules (Chaga, 2001).
Different metal ions have limited specificity for particular coordinating ligands, but
frequently have overlapping physical properties.

The IMAC resin binding

specificities would therefore also be expected to overlap, and the precise binding
specificity of an IMAC resin will be dependent upon a number of additional factors,
including the type and dentition of the chelating ligand, the ligand density of the resin,
the type o f analyte and the solution conditions under which binding of analyte takes
place (Kagedal, 1998).

Therefore it is entirely possible that different metals may

show a higher selectivity for phosphorylated substrates than the widely-used Fe(III).

In 1999, Posewitz and Tempst published a study of the phosphopeptide binding
properties of a panel of Group III and transition metal ions (Posewitz, 1999). In this
publication a panel o f three radiolabelled phosphopeptides (IGEGTpYGVVYK,
KRPpSQR, RTKRSGpSVYEPLKI) was used to quantitate binding to the Me"^-IDA
beads. Of the eight metal ions assayed (Al"\ Ga"\ Fe"\ In"^, R u"\ Sc^“,

and

Zr^), only Ga(III) and Fe(III) were capable of giving high phosphopeptide retention
and elution when used as the phosphopeptide-co-ordinating metal ion upon IMAC
beads. A subsequent study by Zhou et al. (Zhou, 2000) indicated that the relative
affinities of the two immobilised metal ions for phosphorylated substrates were
different.

When phosphopeptide-loaded Fe(III)-NTA beads were loaded onto the

MALDI target, mixed with HCCA matrix solution and dried down for analysis,
singly-phosphorylated

peptides

were

observed

in

the

spectra.

Multiply-

phosphorylated peptides were observed when Ga(III)-NTA beads were treated
similarly Fe(III)-NTA beads (Zhou, 2000).

As part of the IMAC method

development work in this thesis, phosphopeptide retention upon Fe(III)- and Ga(III)109
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NTA was investigated to determine if Ga(III)-NTA afforded a more effective and
reproducible separation of phosphopeptides. The standard IMAC protocol (Chapter 2,
section 2.5) was followed, charging IMAC resin with 100 mM GaClg or GaNOs
solution in place of FeClg.
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Figure 3.1.4: MALDI spectra showing comparison of phosphopeptide separation
by Fe(III) and Ga(III)-NTA IMAC
Phosphopeptides were separated from 1 pm ol a-casein using the two resin types and eluted using 100
mM ammonium dihydrogen phosphate follow ing washing. Phosphopeptide sequences are as in
Appendix 2.
(A) Fe(III)-NTA IMAC
(B) Ga(III)-NTA IMAC.
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An examination of the results gained in the protocol using Ga(III)-IMAC showed that
this metal ion indeed facilitated the detection of multiply-phosphorylated peptides
(Figure 3.1.4), particularly when beads were analysed directly by MALDI according
to the methods of Zhou et a l (Zhou, 2000).

However, MALDI analysis of

supernatant fractions following Ga(III)-IMAC of casein phosphopeptides showed that
not all phosphorylated peptides were retained by the Ga(III)-immobilising beads, in
contrast to Fe(III) IMAC, where phosphorylated peptides were completely absent
from MALDI spectra of supernatant fractions following IMAC.

Furthermore,

experiments carried out by Andrew Thompson (Bioanalytical Chemistry, LICR)
indicated that significant metal ion leaching was occurring from Ga(III) beads, as
observed by significant Ga(III) ion adduction of phosphopeptides observed by mass
spectrometry, this effect was not significantly observed for Fe(III)-NTA beads.
Indeed, Posewitz and Tempst had indicated that phosphopeptide binding to Ga(III)IMAC beads was a significant problem at pH values below 2.5, and attributed this to
possible metal ion leaching (Posewitz, 1999).

Although phosphopeptide loading

conditions in experiments carried out within this study are not generally as harsh as
pH 2.5, the Ga(III) ions were observed to be less well retained upon the chelating
support than Fe(III).

In light of the results obtained from modulating the metal ion chelated upon the
IMAC stationary phase, Fe(III)-based IMAC was identified to provide the most robust
system investigated and was adopted as the method of choice for phosphopeptide
isolation for the remainder of this study. Although phosphopeptide elution was more
facile using Ga(III), the strong evidence for a lack of initial phosphopeptide binding to
Ga(III) IMAC beads, compounded by metal leaching of Ga(III) ions from the beads
indicated an overall lack of robustness and hence of compatibility with use of Ga(III)
for phosphopeptide separation. Several other disadvantages are also associated with
using Ga(III)-IMAC. GaNOs and GaCls are considerably more expensive than FeCl],
but more importantly, dissolution of GaClg is highly exothermic and can result in
explosion if not handled appropriately.

Also, the colouration of Fe(III)-chelating

beads gave a good indication of the oxidation and chelation status of immobilised
Fe(III) which could not be observed in the colourless Ga(III) complexes, the
importance of Fe(III) chelation state and colour changes is discussed in Section 3.2.2.
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3.2 Elution Studies
A crucial factor in successful chromatographic separation o f analytes is the ability to
recover the fraction containing the retained analytes o f interest.

This m ust be

optim ised to attain the best possible yield o f the specific analyte w hilst m aintaining
m axim al com patibility w ith downstream analyses. An im portant observation from the
literature study presented in Appendix 1 was that m any o f the featured protocols
com m only relied upon the use o f sodium salt-containing solutions for elution o f the
specifically-retained fraction. The use o f sodium in chrom atographic separations is
poorly com patible w ith mass spectrom etric analysis as sodium easily forms m ultiple
adducts w ith peptide ions, reducing the ion intensity o f the protonated analyte ions.
Furtherm ore, the presence o f high sodium concentrations can disrupt M A LD I
crystallisation and the ESI process (Dass, 2001). Elution o f phosphopeptides from
IM AC beads is reliant upon disruption o f the im m obilised m etal-phosphopeptide
interaction.

This disruption can be achieved upon the basis o f increasing pH

(increasing the hydroxyl ion concentration, this anion displaces phosphopeptides from
the chelation sphere), by using phosphate as a displacing agent, or by use o f a
different agent which will preferentially chelate bound m etal ions instead o f
phosphopeptide.

Com patibility o f elution conditions w ith

subsequent m ass

spectrom etric analysis was a prim ary concern, avoiding the need for desalting or
further purification o f the IM AC-retained fraction. Such desalting steps increase the
num ber o f processing steps prior to analysis, and w ould therefore be expected to lead
to further loss o f phosphorylated peptides. Additionally, phosphorylated peptides are
generally relatively hydrophilic in nature and have been reported to show poor
retention upon conventional C IS m edia used for clean-up o f sodium -containing
samples

(Kocher,

2003;

Loughrey,

2002).

Elution

of

IM A C-retained

phosphopeptides using sodium phosphate buffers has been previously reported
(Posewitz, 1999; Zarling, 2000), but requires the use o f subsequent desalting steps to
reduce sodium contamination.

In this study, phosphopeptides eluted during IM AC

w ith sodium phosphate and cleaned up on C l 8 ZipTips (M illipore) were analysed b y
M ALDI-M S (Figure 3.3.1). However, only the abundant phosphopeptides P],

?2

a m issed-cleavage peptide containing the same phosphorylation site as

( P im c ) ,

were observed in the eluent.

P i,

and

In the case o f low-abundance samples (fem tom ole

levels), significant losses are incurred during ZipTip cleanup (Kocher, 2003),
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accounting for the poor phosphopeptide profile. Alternative elution methods that do
not necessitate subsequent ZipTip or similar purification are preferable and were a
focus for this section.
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Figure 3.2.1: MALDI analysis of Fe(iII)-NTA-bound phosphopeptide elution
using sodium phosphate
100 mM sodium phosphate was prepared by mixing 100 mM sodium dihydrogen phosphate and
disodium hydrogen phosphate. This solution was used to displace 1 pmol o f phosphopeptides from
IMAC beads. Following IMAC elution, samples were desalted using a C,g ZipTip. The eluate from
the ZipTip was mixed with 2,5-DHB on-target and analysed by MALDI-TOF-MS. Peptide sequences
are as in Appendix 2. P,mc corresponds to the Pj peptide with an additional missed tryptic cleavage.

3.2.1 Base-mediated elution of phosphopeptides
Sodium and ammonium

acetate solutions have also been reported to elute

phosphopeptides during IMAC, ammonium acetate being more compatible with
downstream mass spectrometric measurements than sodium acetate.

The acetate

anion is capable o f interacting with the metal-phosphopeptide chelate and displacing
phosphopeptides (Cao, 1999; Cao, 2000b; Li, 1999; Neville, 1997).

In this work,

ammonium acetate solutions for phosphopeptide elution were adjusted to 0.5 pH unit
increments between pH 8.0-11.0 using ammonium hydroxide.

Poor elution o f

phosphopeptides was observed for ammonium acetate solutions at pH<10.0 in these
experiments, implying that elution in these solutions was largely mediated by
ammonium hydroxide and not by ammonium acetate (Figure 3.2.2). Only a subset o f
the phosphorylated peptide component o f a-casein was observed by M ALDI-TOF-
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MS.

Even where pH values were increased to values higher than pH 10.0 using

am m onium hydroxide, no further significant im provem ent in phosphopeptide elution
was gained.

This is likely to be due to the lower affinity o f acetate and hydroxyl

groups in com parison w ith phosphate for the chelated m etal ion. The elution process
is effectively a com petition betw een chelating ligand, retained peptide and elution
buffer for interaction w ith the metal ion; compounds w hich interact w eakly w ith the
m etal ion w ill be less likely to be able to displace phosphopeptides from the chelation
sphere, w hilst if the interaction between metal ion and elution buffer is too strong, the
metal ion m ay be stripped from the resin and could potentially cause problem s w ith
ionisation suppression.

Since am monium acetate was not a particularly effective

phosphopeptide

for

eluent

Fe(III)-NTA-IM AC,

other

elution

systems

were

investigated.

3.2.2 Elution of phosphopeptides bound to IMAC resins using common
MALDI matrix solutions

In January 2000, Zhou et al. published a report describing the phenom enon o f ‘direct
analysis’ o f EMAC-isolated phosphopeptides (Zhou, 2000).

W ithin their study, a -

casein tryptic digests w ere separated by IMAC. Prior to M ALDI analysis, Fe(III)N TA beads were w ashed and deposited directly onto the M A LD I target.

H CC A

matrix was applied to the beads and the mixture dried, sim ilar to a standard drieddroplet protocol.

Subsequent M ALDI-M S analysis o f this sample detected two

phosphopeptides (?] and P 2 ) (Zhou, 2000).

Since IM AC beads had been analysed

directly on the M ALDI target, the term ‘direct analysis’ was used in analogy to a
previous study to describe the procedure (Papac, 1994). M ass spectrom etric analysis
o f phosphopeptides on beads was postulated to be enabled by co-crystallisation o f
matrix w ith IMAC beads, allowing direct desorption/ionisation o f affinity-bound
phosphopeptide (Zhou, 2000).

It was evident that direct desorption w ould allow

loading o f all bound phosphopeptides to the M ALDI target for analysis, w hich could
increase the sensitivity and reduce the losses inherent in standard elution m ethods.
A nother m ajor advantage o f such a ‘direct analysis’ protocol w ould be the use o f
matrix solutions for direct phosphopeptide desorption/ionisation, giving a harm onious
link between phosphopeptide selection and M ALDI analysis.

Investigation and

establishment o f this m ethod to phosphopeptide separation by IM AC and extension o f
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the protocol to other, more suitable matrices for phosphopeptide ionisation (such as
2,5-DHB) was therefore considered and investigated within this section o f the current
study.

A

3000

3500

B

C

Figure 3.2.2: MALDI analysis of Fe(III)-NTA IMAC-separated ammoniumacetate eluted casein phosphopeptides
Ammonium acetate was adjusted to various pH values with 100 mM ammonium hydroxide and used to
elute phosphopeptides at pH 8.0 (A), pH 9.5, (B) and pH 10.0 (C). The resulting eluted fraction was
analysed by MALDI using DHB as matrix. Phosphopeptides are annotated as per Appendix 2:
Sequence o f alpha-caseins. Prominent metastable decay from Pj is indicated #.

‘Direct analysis’ o f a-casein phosphopeptides using HCCA matrix was carried out
according to the method o f Zhou et al., and intense phosphopeptide signals P] and

?2
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(Figure 3.2.3) were observed.

This result was consistent with the previously

published report, where prominent monophosphorylated peptides were observed.
However, this fraction did not represent the entire known

complement o f

phosphopeptides in tryptic digests o f a-casein, as shown by comparison o f the
MALDI peptide mass map o f untreated a-casein and the supernatant following
treatment with Fe(III)-NTA beads (see Figure 3.2.4). Zhou et al. had proposed the
use o f Ga(III) beads as an alternative phosphopeptide separation method for ‘direct
analysis’ o f more tightly affinity-bound peptides.

Initial experiments carried out

within this study had indicated that lower affinity o f monophosphorylated peptides for
the Ga(III) resin and metal leaching were potential problems with the use o f Ga(III)
(discussed in Section 3.2.2), therefore this strategy was not adopted.
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Figure 3.2.3 Direct Analysis of casein phosphopeptides with HCCA by MALDI
1 pmolfir' casein tryptic digest was used to evaluate the action o f HCCA as a direct eluent for IMACretained phosphopeptides. MALDI mass spectrum obtained using HCCA. Phosphopeptide annotation
as detailed in Appendix 2. Prominent metastable decay from the phosphorylated peptide ion P, (m/z
1951.95) is marked #.
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m /z

2000

Figure 3.2.4 MALDI mass spectra illustrating depletion of phosphorylated
peptides from a tryptic digest of a-casein during IMAC treatment
MALDI-MS analysis of: Ipmol a-casein tryptic digest was carried out prior to IMAC (Pre, in black).
Asterisked peaks corresponding to phosphopeptide ions are annotated as in Appendix 2. Following
IMAC separation, the supernatant fraction was also analysed (Post, in red). Note the absence o f the
phosphopeptide ion signals indicated following IMAC treatment.
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Figure 3.2.5: ‘Direct Analysis’ using 2,5-DHB as MALDI matrix
MALDI spectra o f a tryptic a-casein digest acquired after IMAC treatment using the ’direct analysis’
method (IMAC beads were loaded directly on the target and matrix was added subsequently).
Phosphopeptides indicated by labels, sequences as in Appendix 2.

In this work, the direct analysis o f Fe(III)-NTA-bound o:-casein phosphopeptides
using 2,5-DHB matrix was also investigated. 2,5-Dihydroxybenzoic acid (2,5-DHB)
is particularly suitable as a MALDI matrix for phosphopeptide analysis due to its
lower rate o f energy transfer to analyte and hence reduced levels o f metastable decay.
This allows more effective detection o f phosphopeptide masses (Stimson, 1997) (see
section 1.3.2). Direct analysis in 2,5-DHB showed more ion signals and m ore intense
peaks than that in HCCA (compare Figure 3.2.5 with 3.2.3).

Again, only

monophosphorylated peaks were observed, but two extra phosphopeptide ions, P 3 and
P4,

were detected.

In addition, when DHB was added to the IMAC beads on the

target, the beads changed colour from a yellow-orange to a deep purple. In contrast,
HCCA caused an intensification o f the beads’ yellow colouring. These observations
suggested that the increased phosphopeptide signals observed in direct analysis with
DHB were caused by interaction o f the matrix molecules directly with the
immobilised Fe(III).

Pi was also obseiwed in the ‘direct analysis’ with an Fe(III)

adduct (as diagnosed by the +53 Da mass difference and the characteristic isotope
pattern o f the ion).

The presence o f free Fe(III) which could form adducts with
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phosphopeptides further supported the theory o f 2,5-DHB behaving as a chelator o f
the immobilised metal ion and hence disrupting the m etal-phosphopeptide interaction.
The observed purple colouration o f the Fe(III)-DHB complex was also consistent with
the reported formation o f blue to purple Fe(III) complexes formed by phenols and
related compounds (Hynes, 2001).
phosphopeptides

in

direct

analysis

Further evidence that the observation o f
experiments

using

immobilised

casein

phosphopeptides was caused by an interaction o f the matrix with the phosphopeptidemetal chelates rather than a direct desorption o f immobilised phosphopeptides was
provided by the location upon the target from which acquisition o f phosphopeptide
ions was achieved. Phosphopeptide ion signals were solely observed from the DHB
crystalline region at the periphery o f the sample spot, distant from the IMAC beads,
analogously to the acquisition o f peptide mass mapping data from this region when
normal dried droplet preparation has been carried out (see Figure 3.2.6).

These

observations strongly indicated a role for DHB and HCCA as chelators which were
capable (to different extents) o f preferentially chelating immobilised Fe(III) and
displacing phosphopeptides from the chelation complex.

Figure 3.2.6: Light microscope photograph of a dried-droplet sample and IMAC
beads upon a MALDI target with 2,5-DHB
Normal dried-droplet preparation o f 2,5-DHB mixed with peptide solution (A). Note the crystalline
ring surrounding the dried droplet (arrow); this represents the region where peptide and matrix cocrystallise and optimal peptide signal is obtained
Phosphopeptide-loaded beads applied to a dried-droplet preparation (B). The beads (Centre, marked
with small arrow) change colour from yellow/orange to purple upon application o f DHB matrix, but
phosphopeptide signals are still observed in the crystalline ring region (large arrow). Signals
corresponding to the masses o f known phosphopeptides were observed when laser irradiation was
applied to the crystalline DHB region rather than from the beads themselves.
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To investigate the nature o f the phosphopeptide observation in the direct analysis
experiments, 2,5-DHB and HCCA were used as IMAC elution buffers in an ‘indirect
analysis’ experiment to investigate their properties as ligand displacing agents (see
Figure 3.2.7).

In these experiments, matrix solutions were added to washed,

phosphopeptide-loaded IMAC beads before spotting, the beads were then spun down
and the supemate fraction spotted without additional matrix.
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Figure 3.2.7: ‘Indirect analysis’ of a-casein phosphopeptide fraction retained
upon IMAC beads by MALDI
Supernatant following treatment o f phosphopeptide-loaded IMAC beads was applied to the MALDI
target and analysed without the addition o f matrix. Matrices used were 2,5-DHB (A) and HCCA (B).
Peptide annotation is as in Appendix 2, metastable decay is marked #. Phosphopeptide Pi adducts with
Fe(III) are also marked where present.

120

Chapter 3: Method Development and Optimisation of IMAC
MALDI analysis of the eluted fraction above the HCCA- or 2,5-DHB-treated IMAC
beads as shown in Figure 3.2.7 proved that phosphopeptides were indeed being
displaced from the surface of the IMAC beads by MALDI matrices, and therefore can
be termed an elution process. Signals corresponding to the same phosphopeptide ions
observed in the direct analysis experiments were readily observed by indirect analysis.
This study conclusively demonstrated that HCCA and 2,5-DHB were capable of
behaving as mild IMAC eluents for chelated phosphopeptides.

This observed

displacement must be occurring via differential chelation of the immobilised metal at
the surface of the IMAC beads, as evidenced by the colour change upon the addition
of 2,5-DHB to the beads. Phosphopeptide observation in direct analysis is therefore
due to a differential chelation of the Fe(III) by 2,5-DHB or HCCA. HCCA represents
a weak chelating agent for Fe(III) which is capable of displacing the lower-affinity
interactions of the highly-abundant monophosphorylated peptides P] and P2 , whilst
2,5-DHB has a slightly higher affinity for the Fe(III), and can therefore also displace
P

3

and

P4.

The lack of multiply-phosphorylated peptide signal in 2,5-DHB-eluted

fractions indicates that the strength of the ligand displacement interaction occurring
between the 2,5-DHB and phosphopeptide at the chelation sphere was not of a
sufficient magnitude to displace multiply-phosphorylated peptides.

O ^O H
OH

O
HO

H C C A

2 ,5 -D H B

Figure 3.2.8: Structure of the matrices a-cyano-4-hydroxycmammic acid
(HCCA) and 2,5-dihydroxybenzoic acid (2,5-DHB)
N ote the electron-rich hydroxyl and carboxylic acid groups present upon both m olecules, and the nitrile
group o f the HCCA; it is these groups which enable these matrices to behave as chelators

The MALDI matrix HCCA is a cinnamic acid derivative whose structure is as shown
in Figure 3.2.8. HCCA has large delocalised 71-electron system, which enables it to
strongly absorb UV irradiation. HCCA is known as a ‘hot’ matrix because the rate of
energy transfer from matrix to analyte molecular ion is high and hence high rates of
metastable and post-source decay of analyte ions occur when this matrix is used. The
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HCCA molecule also features three groups with lone pairs of electrons which are
capable of acting as donor ligands (nitrile, carboxylic acid and hydroxyl). If these
groups were capable of acting as chelating agents upon the IMAC-bound
phosphopeptides, observation of phosphorylated peptides in the HCCA-treated beads
could be explained as a preferential chelation of the immobilised metal by HCCA
rather than phosphopeptide; since the Fe(III) is considered to have some specificity in
its’ affinity for phosphate anions over other oxygen-containing groups, this could
explain why only the highly-abundant phosphopeptides Pi and ? 2 were seen following
HCCA

treatment

of

casein

phosphopeptide-loaded

IMAC

beads.

More

phosphopeptides of higher orders of phosphorylation were observed in the
experiments of Zhou et ah when Ga(III)-NTA beads were treated with HCCA matrix
(Zhou, 2000). This observation could also be explained by this differential chelation
affinity; since results in section 3.2 demonstrate that Ga(III) is a poorer affinity ligand
for retention upon IMAC beads and has a lower affinity for phosphopeptides, the
ability of HCCA to chelate metal ions could enable it to displace Ga(III)-isolated
peptides, which would be chelated with relatively low affinity.

The increased affinity of 2,5- DHB for immobilised Fe(III) is supported by the
property of benzoic acid derivatives such as 2,5-DHB in the formation of complexes
with Fe(III). For instance, 2,3-DHB is a bacterial siderophore (iron scavenger) for the
pathogenic intracellular bacterium Brucella abortus (Lopez-Goni, 1992; Parent,
2002), whilst gallocatechins and catechols, molecules which are found in black tea
and are closely related to DHB in structure are known to chelate iron in solution
(Hynes, 2001), and thus assist in the reported antioxidant properties of tea (Jovanovic,
1998). The observation of phosphopeptide signals in these experiments indicated how
2,5-DHB might behave as a displacer of phosphopeptides from IMAC beads. The
colour alteration upon the addition of DHB allowed a rapid and easy method of
detection of the alteration in the chelation state of the bound Fe(III).

In conclusion, since this ligand displacement of phosphorylated peptides from IMAC
beads by MALDI matrices was a hitherto unrecognised and unexpected phenomenon,
further investigation into types of chelating molecule and their ability to displace
phosphorylated peptides from Fe(III)-NTA were carried out.
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3.2.3 Further investigation into the nature of phosphopeptide elution using
matrices and matrix-related compounds

Benzoic acid derivatives have been reported to behave as siderophores and iron
chelators (Hynes, 2001; Lopez-Goni, 1992). Evidence gained from the ‘direct’ and
‘indirect analysis’ experiments suggested that 2,5-DHB behaves as a chelating
compound, interacting 'with immobilised Fe(III) and displacing monophosphorylated
peptides from the resin. To investigate if other related compounds may prove more
effective for direct analysis of IMAC separated phosphopeptides, a panel of putative
iron chelators and other test compounds were selected for elution studies (see Tables
3.2.1-3). Amongst these were:
i) different isomeric forms of dihydroxybenzoic acid and related compounds,
ii) other matrix compounds, including matrices for IR-MALDI.
iii) aliphatic carboxylic acids
‘Indirect analysis’ procedures were carried out in a similar manner to those performed
in the 2,5-DHB study. Typically 10 pL of resin was used to retain phosphopeptides
from 1 pmolpL'^ a-casein tryptic digest, the beads were washed repeatedly and then
mixed with the test compound.

Where molecules were capable of behaving as

matrices, the supernatant from this step was applied directly to the MALDI target
before drying and analysis of the eluted fraction.

Where the MALDI matrix

properties was unknown, each compound was evaluated for its ability to function as a
MALDI matrix prior to analysis.

In cases where the compound was unable to

function as a MALDI matrix, 2,5-DHB was added to the supernatant fraction upon the
MALDI target, and this mixture was used for MALDI analysis.
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Table 3.2.1: DHB isomers and salicylic acid and their properties as IMAC
eluents and MALDI matrices
Substance, structure,

pH (sat. aqueous

Colour of Fe(III)-NTA

Action as IMAC eluent

MALDI

description

solution)

beads with DHB

and peaks observed

matrix (UV)

1.0-1.5

Indigo-purple

Pi P 2 P 3 P4

Very good

0 ^ 0-

N ,N 2
2,5-DHB
W hite powder

0^0-

1.0-1.5

Purple

Pi P 2

Good

1.5-2.0

Reddish-purple

Pi P2

V poor

6 :
2,3-DHB
Coarse brown powder

N3 N 4
OH

2,4-DHB
White powder

0^0

0-0.5

Reddish-purple

Pi P 2

Good

2.0-2.5

Navy Blue

No

Poor

1 .5-2.0

Slightly red

No

Poor

2.0-2.5

Slightly red

P 1 P 2 P4

Poor

2,6-DHB
Chalky, lumpy

OH

3,4-DHB
Pale brown powder

ho ^

'^ ^ ^ ^

oh

3,5-DHB
Lumpy, cream powder

6 '"

N3 N4

Salicylic acid
White powder
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Within these experiments, the majority of DHB isoforms did not act as MALDI
matrices, but several were indeed capable of behaving as IMAC eluents (Table 3.2.1).
All compounds were capable of interacting with the Fe(III)-NTA, as indicated by the
formation of coloured complexes upon the addition of the solutions to IMAC beads.
Iron complexes with benzoic acid derivatives are typically navy blue to indigo in
colour, so a change in colour can indicate altered chelation of Fe(III). The differences
in complex colour of the IMAC beads are caused by the differences in the strength of
interaction and the differences in the Ti-electron system interaction with the ligand,
therefore a strong change in colour to purple/blue does not necessarily indicate
displacement of phosphopeptides from the beads. All of the 2’-OH substituted DHB
isomers showed some ability to behave as IMAC eluents, even those which could not
be used directly as MALDI matrices.

This indicated that the presence of a 2’

hydroxyl adjacent to the carboxylic acid moiety was able to preferentially chelate
Fe(III) in preference to monophosphorylated peptides. The strength of this interaction
was sufficient to promote monophosphopeptide dissociation, but where more than one
phosphate group interacted with chelated Fe(III), interaction of DHB molecules with
the complex were not sufficiently strong to displace multiply-phosphorylated
peptides.

Of course, the use of 2,5-DHB in combination with other related

compounds may have a significant effect upon 2,5-DHB crystallisation, meaning that
in cases where no phosphopeptides are observed this could be due to poor
crystallisation rather than a lack of elution. The use of radioisotopes could assist in
resolution o f this but was not attempted within this study, as developing a mass
spectrometry-compatible method was the major aim of this work.

Other non-DHB MALDI matrices were also investigated as reagents for ‘direct
analysis’ measurements (Table 3.2.2, MALDI matrices as IMAC eluents).

These

studies indicated that the ability of HCCA and DHB to displace phosphopeptides from
the IMAC beads is not an inherent property of MALDI matrix molecules, although
phloroglucinol (a 1,3,5-hydroxy benzene), and phthalic acid, which is again a 1,2disubstituted benzene ring, were the only matrices to show any real ability to elute
phosphopeptides (as seen by phosphopeptide signals in infra-red MALDI-MS). The
limited action of DHAP in eluting phosphopeptides was most likely a result of the
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diammonium hydrogen phosphate co-matrix, as DHAP showed no phosphopeptide
elution properties in the absence of ammonium phosphate.

Table 3.2.2: MALDI matrices as IMAC eluents
Compound nam e (trivial name),
structure, appearance

1 ’,4 ’-dicarboxylic butan-2’,3 ’-ol

pH o f saturated aqueous

Colour o f Fe(lII)-

A ction as IMAC

M A LD I
matrix

solution (pKa o f compound

N T A beads upon

eluent, peaks

for other solution conditions)

treatment

observed

(U V /IR )

1.0

N o change (yellow -

No

G ood IR

Pi, Pz, P 3 , P 4

V ery good IR

Pi

V ery good IR

Red/brown

No

G ood U V

D eep red

No

G ood U V

Y ellow

P i.P i

G ood U V

N o change (yellow -

No

G ood U V

P i,P z

V ery good

orange)

(Tartaric acid)
OH

0

0

OH

Large w hite crystals

r , 2 ’-dibenzoic acid (Phtaiic acid)

1.5

N o change (yellow orange)

W hite crystalline pow der

(1 ’,3 ’,5 ’)-trihydroxy benzene

5.0

(Phloroglucinol)

N o change (yellow orange)

r
OH

W hite powder

2 ’,6 ’-dihydroxyacetophenone

(50% EtOH),

(D H A P)

pKa' 10.07

Yellow powder

2 ’,4 ’,6 ’-trihydroxyacetophenone

(50% EtOH)

(THAP)

pKa' 9.82

Y
OH

Pale yellow powder

DHAP/diam m onium hydrogen

(50% EtOH)

phosphate
THAP/diam m onium hydrogen

(50% EtOH)

phosphate

orange)

HCCA

M eOH (Hewlett-Packard)
OH

H

O

^

Y ellow

pKa' 9.5

U V /IR

ill

Pale yellow powder

HCCA

(45% EtOH, 10% formic)

Y ellow

P i,P z

V ery good

Notes: 'in cases where published pKa data were unavailable, estimation o f pKa was carried out using
the
Sparc
online
pKa
calculator,
University
of
Georgia,
Chemistry
Department
http ://ibml c 2 .chem .uga.edu/sparc/index.c fm.
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Since

1,2-hydroxyl-disubstituted benzene ring-containing molecules had been

strongly indicated as monophosphopeptide displacing agents by the results presented
in Tables 3.2.1-2, disubstituted acidic molecules were next investigated to investigate
if the benzene ring of DHB and related benzoic acids was an important factor for
phosphopeptide displacement.

Benzoic acid derivatives’ delocalised Ti-electron

systems provided a useful colour change to indicate Fe(III) chelation, but this colour
change did not necessarily indicate phosphopeptide displacement (see Table 3.2.1).
Substituted butanoic acid molecules, both saturated and unsaturated, were therefore
examined to see if they could efficiently displace phosphopeptides from the beads.
The ability of these butanoic acid derivatives to behave as MALDI matrices in UV
and IR-MALDl was also explored (see Table 3.2.3). Butyric, succinic, maleic and
fumaric acids were capable of displacing phosphopeptides from IMAC beads, and
succinic acid was the only molecule capable of behaving as a-MALDl matrix (in
infra-red MALDI). Maleic acid showed the most effective elution properties, and also
resembles a disubstituted benzene ring in that the two carboxylic acid groups are
linked by a double bond, allowing sufficient structural similarity to afford
phosphopeptide displacement by this disubstituted butanoic acid derivative.

Taken as a whole, these experiments indicated that DHB and HCCA were unusual,
although not unique, in their ability to act as both IMAC eluents and MALDI
matrices.

Structural isomers of DHB with electron-pair donating substituents on

adjacent carbon atoms were better IMAC eluents than other isomers. These data
reinforced the behaviour of DHB and HCCA as chelating agents capable of displacing
mono-phosphorylated peptides from the chelation sphere by their affinity for the
immobilised Fe(lll).
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Table 3.2.3: Substituted butanoic acids as IMAC eluents
Compound name, trivial
name Structure, state @
RTP

n-Butanoic acid (Butyric

pH of saturated
aqueous solution or
pKa for liquids,
used as 50%
aqueous solutions
pKa 4.82

Colour of Fe(III)NTA beads upon
treatment

Action as IMAC
eluent and peaks
observed

Action as
MALDI matrix
(UV or IR)

No change

Pi

No

1.5

No change

Pi P2

Very good IR

< 1

No change

Pi P3 P4

Good IR

1.5

No change

Pi

No

pKa' 15.78

No change

No

No

pKa' 15.46

No change

No

No

acid)
0”
Odorous liquid

Butanedioic acid (Succinic
acid)

0
White powder

c/s-butenedioic acid
(Maleic acid)

Small white crystals

trans-butenedioic acid
(Fumaric acid)

0
Small white crystals

Butane-1,4-diol

Liquid

Butane-2,3-diol

OH
Liquid

Notes: ’in cases where published pKa data were unavailable, estimation o f pKa was carried out using
the
Sparc
online
pKa
calculator,
University
of
Georgia
Chemistry
Department
http://ibmlc2.chem.uga.edu/sparc/index.cfm.
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3.2.4 Incomplete elution of phosphorylated peptides using DHB- the need
for a different type of eluent

The results shown above from the ‘direct’ and ‘indirect analyses’ of IMAC-separated
a-casein phosphopeptides (Section 3.2.3) indicated the presence of relatively high
levels of some monophosphopeptides. However, peptide mass mapping and MALDI
data obtained following standard IMAC fractionation indicated that a-casein tryptic
digests also contained multiply-phosphorylated peptides (Figure 3.2.4).

This

discrepancy was clearly a concern, since if this method were to be used as a standard
protocol

for

the

isolation

of phosphopeptides

from

protein

digests,

all

phosphopeptides must be equally retained upon and eluted from IMAC beads.

To determine if multiply-phosphorylated peptides were still retained upon and not
displaced from IMAC beads by 2,5-DHB, and if they could be eluted using more
traditional methods, a set of ‘sequential’ elution experiments were performed (see
Figure 3.2.9). The 2,5-DHB-containing fraction was removed from the beads, which
were then washed a further three times in water, before adding 100 mM ammonium
phosphate solution to the beads. This subsequent treatment caused the colour of the
2,5-DHB-treated beads to change from purple to white, indicating that the 2,5-DHB
had been completely displaced from the IMAC chelation complex by the stronger
phosphate ligand. This experiment also showed that treatment of 2,5-DHB-eluted
beads with ammonium phosphate displaced multiply-phosphorylated peptides from
the

chelated

complex,

monophosphopeptides.

as

well

as

more

of

the

previously-observed

This observation indicated that 2,5-DHB could not

quantitatively elute all the phosphopeptides which were bound to the IMAC beads,
and furthermore demonstrates that the phosphate ligand was a much better agent for
effecting displacement of both mono- and multiply-phosphorylated peptides from the
chelation complex than matrix compounds.

In conclusion, phosphate buffers were able to elute all previously reported
phosphorylated peptides from IMAC beads, indicating that a more complete elution
had been achieved than was possible using 2,5-DHB.

Additionally, ammonium

phosphate solutions was also found to be highly compatible with MALDI analysis.
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An interesting observation from these experiments was that these elution steps all
occurred at pH values below neutral; in all previously published studies excepting the
‘direct analysis’ study of Zhou et al., phosphopeptide elution had been achieved using
increased pH values (between pH 8.0 and 11; see Appendix 1 for details).

For

example, ammonium acetate-mediated phosphopeptide elution was far more effective
at pH 10.0 than at pH 8.0. Therefore the phenomenon of pH-independent IMAC
elution was further investigated within this work.
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Figure 3.2.9: MALDI analysis of ‘Sequential’ elution of phosphopeptides from
IMAC resin
MALDI mass spectra o f IMAC-treated a-casein tryptic digest using elution in 2,5-DHB and
subsequent elution in ammonium phosphate. Phosphopeptide sequences are as indicated in Appendix
2.

IMAC purified fraction eluted using 2,5-DHB, showing mono-phosphopeptide ions (A). The supemate
from (A) was removed, the beads were washed, and the remaining phosphopeptides eluted using
lOOmM ammonium phosphate buffer, pH 4.6 (B).

3.2.5 pH-Independent elution of phosphopeptides

To investigate the need for basic conditions in IMAC elution protocols, the pH of 100
mM ammonium dihydrogen phosphate solution was adjusted to pH values between
4.8 and 10.8, in pH unit increments, using ammonium hydroxide.

Qualitative

comparison of their elution capabilities using MALDI-MS was then performed on
Fe(III)-NTA-immobilised a-casein tryptic digests. Figure 3.2.10 shows the MALDIMS of the eluted/retained fraction from a-casein at selected pH values from the range
examined.
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Figure 3.2.10: pH independence of phosphopeptide elution from IMAC beads
analysed by mass spectrometry
MALDI-TOFMS mass spectra o f a-casein digest acquired after IMAC treatment using ammonium
phosphate buffers adjusted to pH values as detailed. (A): a-Casein digest prior to IMAC treatment.
(B); After IMAC treatment using ammonium hydroxide/ammonium phosphate elution buffer at pH 4.8.
(C): After IMAC treatment using ammonium hydroxide/ammonium phosphate elution buffer at pH 6 .8 .
(D): After IMAC treatment using ammonium hydroxide/ammonium phosphate elution buffer at pH 8 .6 .
Full sequences for labelled phosphopeptides are as in Appendix 2. Other peptides not listed in
Appendix 2 in (A) are indicated with their first and last residues.

In all o f the experiments, treatment with ammonium phosphate caused the yelloworange colour o f the beads to turn pale, indicating altered chelation o f the immobilised
Fe(III) ions, by free phosphate anions, displacing phosphopeptide from the Fe(III)
chelation sphere. MALDI-MS o f the phosphate eluted fractions showed that at all pH
values over the range 4.8 to 10.8, strong ion signals consistent with the elution o f
known phosphopeptides were detected, and few qualitative differences were observed
between spectra obtained at different pH values (see Figure 3.2.10). The results o f
these experiments led to the conclusion that elution in ammonium dihydrogen
phosphate occurs independently o f pH, and occurs on the basis o f direct competition
o f the free phosphate with the retained phosphopeptides for the immobilised Fe(III).
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Ammonium dihydrogen phosphate solution was the most effective buffer for
phosphopeptide elution, elution being independent of pH.

This elution step in

ammonium phosphate was therefore incorporated into the standard protocol for
phosphopeptide separation by IMAC. The elution studies, including the 2,5-DHBmediated phosphopeptide elution, were published in the Journal of the American
Society for Mass Spectrometry (Hart, 2002), a reprint of which is included in the
Appendices.

3.2.6 Evaluation of the developed IMAC method: study using a synthetic
peptide mixture

a-Casein represents an extreme example of a hyperphosphorylated protein which has
acidic residues in close proximity to all phosphorylation sites. The phosphorylation
motif of casein kinases 1 and 2, which are believed to be responsible for the
phosphorylation of casein in vivo, feature acidic residues (potential phosphorylation
sites in bold):
CKl consensus site: pSer-X-X-Ser/Thr
CK2 consensus site:

X-X-X-Ser/Thr-X-X-Glu/Asp/pSer/pTyr-X-X, with Asp/Glu

residues exerting a positive influence upon phosphorylation over the region -2 to+5 of
the substrate residue (Marin, 1994).

From the results presented above, the presence of ‘non-specifically’-adsorbed acidic
non-phosphorylated peptides in eluted fractions of a-casein was evident, and this
indicated that the interaction of acidic residues with the resin is an important factor.
The phosphorylated sequences of a-casein are extremely acidic so IMAC of synthetic
acidic residue-poor phosphorylated peptides was examined.

A small library of

synthetic phosphopeptides was obtained, composed of peptides which had either been
phosphorylated in vitro using recombinant protein kinases (kemptide, PKC substrate,
MARCKS), purchased as phosphorylated peptides (antiestrogen pY peptide), or
custom synthesised (MARCKS-derived peptide). The sequences of these peptides are
detailed in Table 2.6.1. Peptides were used at the following concentrations: PKC
substrate: 200 frnolpL'\ PKC-substrate derived peptide: 500 frnolpL'\ kemptide: 1
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pm olpL'\ antiestrogen: 2.5 pmolpL'^ and MARCKS: 5 pm olpL'\

The peptide

mixture was applied to 10 pL o f IMAC beads in 10 pL 100 mM acetic acid, incubated
and washed as in previous experiments and eluted in 10 pL of 100 mM ammonium
dihydrogen phosphate, applying 0.5 pL of the eluate to the MALDI target and mixing
with DHB matrix. The resultant MALDI spectrum is presented in Figure 3.3.11.

The data shown in Figure 3.2.11 from this study with synthetic peptides indicated that
the IMAC method which had been developed was capable of affinity pulldown of pS,
pT and pY-containing phosphorylated peptides from within mixtures, although
detection o f the MARCKS multiply-phosphorylated peptide appeared less facile than
that of peptides containing a single phosphorylated residue.

The doubly-

phosphorylated PKC-substrate-derived peptide was, however, observed with high
signal-to noise in the ammonium dihydrogen phosphate-eluted fraction, indicating
multiply-phosphorylated peptides could be eluted from the IMAC resin, and that
either poor binding or elution of the MARCKS phosphopeptide might be responsible
for the lack of observation in eluted fractions. The fully-phosphorylated MARCKS
peptide (jn/z 3527.8) ionises relatively poorly in untreated samples, and hyper
phosphorylated MARCKS peptides could not be detected in supernatant fractions.
Additional evidence for a lack of either complete retention during binding or low
elution is observed from the low intensity of the antiestrogen peptide. -1000 counts
were observed for 2.5 pmol/xL'^ starting concentration, in comparison to the PKC
substrate-derived peptide, where 5500 counts were observed, with a starting
concentration of 500

Although peptides ionisation efficiencies are known to

vary in a sequence-dependent manner, (Janek, 2001; Karas, 1995; Kratzer, 1998),
such a disparity indicates a problem with the IMAC process, since MALDI analysis of
the peptide mixture prior to IMAC did not indicate a particular difference in
ionisation efficiency. Further work to elucidate the cause of the lack of observation of
certain peptides following IMAC is presented in Chapter 5.
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Figure 3.2.11: Evaluation of the IMAC protocol using synthetic phosphopeptides
Synthetic phosphopeptides at the concentrations detailed in the text (sequences in Chapter 2) were
loaded to IMAC beads, washed and eluted using 100 mM ammonium phosphate. The eluted fraction
was then analysed by MALDI.

3.2.7 Evaluation

of the

developed

IMAC

method: study

using

a

phosphorylated protein substrate

Evaluation of the suitability of the method for phosphopeptide enriehment by IMAC
developed within this study was carried out in collaboration with Jens-Oliver
Koopmann (Bioanalytical Chemistry, LICR), using samples provided by Taras
Valovka and Ivan Gout (Cell Regulation Laboratory, LICR). The enzyme p70 S6
kinase a (p70S6-a) was immunoprecipitated and digested using trypsin by JensOliver Koopmann, the digest acidified and standard IMAC protocols as defined above
applied for phosphopeptide purification. A strong ion signal was seen at m/z 1856.9,
(see Figure 3.2.12) corresponding to the theoretical mass of a phosphorylated peptide
from p70S6-a, with the sequence TPVSPVKFSPGDFWGR (residues 442-459),
bearing a single phosphorylated residue. PSD analysis performed upon the peptide
with m/z 1856.9 by Jens-Oliver Koopmann showed neutral loss signals at m/z values 80 and -98 Da from this parent ion mass, consistent with loss of phosphate and
phosphoric acid respectively.

This data indicated that the peptide was indeed
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phosphorylated, and corresponded to a region of the protein at the C-terminus, close
to the autoregulatory region which is known to contain multiple phosphorylated
residues (Proud, 1996). Phosphorylation of the autoregulatory domain is amongst the
mechanisms by which the enzyme is capable of regulating its catalytic activity
(Proud, 1996), and hence exerting a modulatory effect upon translation. The peptide
p70S6-a 442-459, contains three S/T-P motifs which are consensus motifs for
phosphorylation by Erk MAPK family members.

All three residues have been

previously reported to be phosphorylated in response to mitogenic stimuli, and
mutation o f these residues to alanine reduces the catalytic activity of p70S6-a
substantially (Weng, 1998). The lack of any sequence data means that the particular
residue upon which the phosphorylation resides cannot be further dissected; although
within the literature, phosphorylation has been found to occur at Thr444 and S447 in the
basal state (Weng, 1998).

The results of this experiment demonstrated that the developed IMAC protocol
effectively isolated a phosphorylated substrate from a background of nonphosphorylated material, and that phosphopeptides enriched in this manner were
amenable to mass spectrometric analysis and confirmation of phosphorylation using
PSD analysis. It may be of note that in the absence of selective IMAC pulldown the
ion identified here was present in the spectrum at low intensity (work performed by
Jens-Oliver Koopman), whereas following IMAC ion suppression of this signal has
been removed and this peptide is the base peak.

It should be stressed that the

presence of other peptides which were not phosphorylated in the eluted spectrum of
the p70 S6a is clearly a concern as the utility of any chromatographic method is
largely based upon its selectivity.

However, in this case the major ion signal is

attributable to the specifically-adhered phosphopeptides.

Phosphorylation site

analysis was assisted for this protein by the application of IMAC.
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Figure 3.2.12: Identification of a p70 S6a phosphopeptide using IMAC and mass
spectrometry
IMAC analysis was carried out upon a tryptic digest o f immunopurified p70 S 6 a as described
previously. Following elution o f the IMAC-retained fraction in 100 mM ammonium phosphate, the
eluted fraction was spotted upon a MALDI target, mixed with DHB and analysed. A prominent
peptide ion signal can be seen in the resultant MALDI spectrum, marked *, experimental m/z 1856.90.
This m/z value corresponded to the theoretical mass o f a p70 S 6 o: peptide, residues 444-459,
TPVSPVKFSPGDFWGR, containing 1P04, theoretical m/z 1856.8737. PSD analysis o f this peptide,
using HCCA as matrix (inset) showed prominent neutral ion losses consistent with phosphorylation o f
this peptide.

3 3 Conclusion o f IMAC Method Development

Separation o f phosphopeptides by IMAC is a method which has been developed to
relieve the problem o f low ionisation efficiency o f phosphopeptides, allowing their
separation from other peptides to maximise their detection and sequence analysis by
PSD and CID MS/MS (Gallis, 1999; Nuwaysir, 1993; Posewitz, 1999; Scanff, 1991).
However, at the time when this work was commenced, a major issue with IMAC
protocols as published within the literature was the breadth o f different methods used,
including the use o f different solid-phase metal ion and elution conditions.

No

consensus method had emerged, and a common problem with the established
protocols was a lack o f direct compatibility with mass spectrometric analysis.
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In the first part of this study, optimal conditions for IMAC separations were
investigated using the model hyperphosphorylated protein a-casein.

Fe(III)-NTA

sepharose was identified as an effective, robust and reproducible solid phase for
IMAC separations. Femtomole sensitivity of analysis for phosphopeptides on-target
was demonstrated, with minor levels of contamination caused by the interaction of
acidic, non-phosphorylated peptide with the IMAC stationary phase. In comparison,
Fe(III)-IDA resins are found to show non-specific binding of hydrophobic peptides
which does not occur with NT A beads. Fe(III) was found to be a more effectively
chelated metal ion for use in IMAC than Ga(III), which is postulated to be less
effective due to metal leaching and shows a lower affinity interaction with
phosphopeptides.

The use of Fe(III)-NTA beads, with elution being carried out using 100 mM
ammonium phosphate solution, was proposed as a reproducible, robust and efficient
method for the separation of phosphorylated substrates. Evaluation of this method
using synthetic phosphopeptides and a tryptic digest of p70 S6-a confirmed that this
method was capable of selectively retaining and thereby removing signal suppression
effects upon phosphorylated peptides from digests containing an excess of nonphosphorylated peptides.

A novel ability of the MALDI matrix molecule 2,5-DHB in the displacement of
mono-phosphorylated peptides from IMAC beads has been identified, indicating that
monophosphopeptide displacement occurs by differential chelation of Fe(III) at the
surface of IMAC beads upon addition of 2,5-DHB.
phosphorylated peptides

the

2,5-DHB

is

either

In the case of multiplyexcluded

from

displacing

phosphopeptide from the beads’ surface due to steric hindrance by multiply-chelated
phosphopeptides or the affinity of the interaction of 2,5-DHB for Fe(III)-NTA is
higher than that of monophosphopeptide, but that multiply phosphorylated peptides
have higher affinity for the beads than 2,5-DHB, the affinity hypothesis appears to be
the most likely.

This study has demonstrated successful phosphopeptide separation by IMAC, with
different analytes, demonstrating that the method can separate phosphoserine, and
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phosphotyrosine-containing peptides. However, some concerns with respect to an
apparent sequence preference at either the retention or elution step was raised by the
lack of observation of the multiply-phosphorylated peptide MARCKS during the
synthetic phosphopeptide studies, and the lack of correspondence between initial
loading concentrations and final signal intensity for the phosphotyrosine-containing
peptide antiestrogen. Additionally, the problematic pseudo-specific binding of acidic
peptides to IMAC is a cause for concern. Further investigation into the nature of
IMAC binding using dephosphorylated and derivatised casein digests is presented in
Chapter 5, and gives an insight into the binding process.

Overall, the IMAC process has been seen to be a rapid and reproducible method for
isolating phosphorylated peptides from enzymatic digests, and the selected conditions
from this optimisation study show a high compatibility with subsequent mass
spectrometric analysis. The analysis of the phosphorylation sites of proteins involved
in signal transduction using the optimised IMAC method is presented in Chapter 4.
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Chapter 4: Phosphorylation

Site

Analysis

of

Proteins

Involved in Signal Transduction by IMAC
4.1 Glycogen Synthase Kinase 3P
4.1.1 The role of GSK-3/3 in cellular metabolism and differentiation

The biochemical processes involved in the conversion of glucose to the storage
product

glycogen

were

amongst

the

first

pathways

in

which

reversible

phosphorylation was discovered to play an important regulatory role (Cohen, 2002b).
During the characterisation of this pathway, many discoveries were made which were
fundamental to the subsequent elucidation of events in signal transduction. Glycogen
synthase kinase-3 p (GSK-SP) was initially discovered as a member of a family of
enzymes which regulate glucose conversion to glycogen under the influence of insulin
stimulation during the fed state. Amongst the substrates of glycogen synthase kinases
(which are serine/threonine kinases), is glycogen synthase (GS), an enzyme which
catalyses the 1,4-glycosidic condensation of glucose monomers to form the basic
polymeric chain in glycogen synthesis (Voet, 1995). The existence of two isoforms
of GS, each possessing different levels of catalytic activity, was rapidly discovered,
and the difference between the two isoforms was subsequently found to be reversible
serine phosphorylation of GS, a change in post-translational modification which was
found to inhibit enzyme activity (Friedman, 1963).

GSK-3, one of the kinases

capable of phosphorylating GS, was purified in 1980 (Embi, 1980). This enzyme
phosphorylates GS on four serine residues within its central region, the effects of
which cumulatively lead to total inhibition of catalytic activity (Cohen, 1997). The
catalytic fraction whose activity was initially described as GSK-3 contains two
proteins which are encoded by two separate genes, GSK-3o: and /3 in higher
eukaryotes, whilst in both Dictyostelium and Drosophila, a single gene encodes GSK3 activity (named gskA in Dictyostelium, shaggy in Drosophila) (Insall, 1995). The
human genes encoding the two GSK-3 proteins map to distinct chromosomal loci (a
on the distal arm of chromosome 19, /5 on the distal arm of chromosome 3) (Shaw,
1998).

The a and ^ isoforms show 85% homology at the amino acid level by

pairwise BLAST searching (Altschul, 1990), and extremely high cross-species
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conservation (Ali, 2001), indicating the vital importance of these genes. In spite of
their similarity and catalytic activity towards GS, GSK-3 a and P have distinct
activation profiles with respect to insulin stimulation and exercise in humans
(Wojtazsewski, 2001). The two enzymes also show some differences with respect to
their expression (Ali, 2001), and although both GSK-3p (UniGene Cluster Hs.78802)
and GSK-3 a (UniGene Cluster Hs. 118890) show relatively ubiquitous expression,
higher levels of GSK-3 a are expressed.

The levels of expression of mRNA and

protein for both proteins show poor correlation (Ali, 2001). The importance of GSK3 in the regulation of glycogen storage was a vital discovery, demonstrating one of the
first direct links to be found between an extracellular hormone (insulin) and an
intracellular process (glycogen storage) (Cohen, 1997).

Establishing the signal

cascades of kinases which linked the processes was therefore a major breakthrough in
cell signalling.

During the fed state, release of pancreatic insulin induces storage of the available
glucose as polymeric “animal starch” or glycogen within the liver and muscle tissue.
Insulin receptor stimulation by insulin binding induces receptor tyrosine kinase
autophosphorylation and activation, which recruits and phosphorylates the insulin
receptor substrate (IRS-1) (White, 2002), as illustrated in Figure 4.1.1. Activated
lRS-1 behaves as a scaffold protein, inducing recruitment of the p85 adaptor subunit
of P13 kinase (P13K) and activation of P13K p i 10 catalytic subunit. P13K catalyses
the production of the signal molecule phosphatidyl inositol-1,4,5-trisphoshate (PIP3 ),
which binds to and activates PDKl.

Activated PDKl phosphorylates Ser473 on

PKB/Akt, and activated Akt can then induce phosphorylation of GSK-3 p at Serg (or
Seri6 on GSK-3o:), which represents an auto-pseudosubstrate site for GSK-3.
Phosphorylation of this serine residue is inhibitory and blocks substrate binding to the
active site o f GSK-3p, switching off enzyme catalytic activity. Inhibition of GSK-3P
prevents the enzyme from phosphorylating glycogen synthase, one of its many
substrates. In this dephosphorylated state, glycogen synthase is highly active and can
convert glucose to glycogen; this process takes place within 3 minutes of increasing
blood glucose levels (Stalmans, 1974). Thus in the presence of high blood sugar, the
balance of metabolism is biased towards glycogen and protein synthesis. When blood
glucose drops 2-3 h after feeding with carbohydrate, the pancreas begins to secrete
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glucagon, a hormone which stimulates the hydrolysis of glycogen to release the stored
glucose monomers. Glycogen therefore acts as a short-term glucose storage molecule
in the mammalian liver and muscle. The process of glycogenolysis allows the rapid
release of glycogen when blood glucose falls, under enzymatic control by glycogen
phosphorylase.

Defects in glycogen storage and metabolism have been reported,

causing severe leukocyte abnormalities, inflammatory bowel disease and progressive
renal failure, although defects are largely related to failures within the genes
controlling glycogenolysis rather than glycogen storage (Moses, 2002).

In su lin

=

m

mm

m

ÎÏÏWW
r PDKl

In su lin r e c e p to r

pl i o
r e g u la to r y

c a ta ly tic
u bu n i

pS\

GSK-3P
IN A CTIV E

Glycogen synthetase

Glycogen synthetase

I n a c tiv e

Active

pS) (pS) (pS) (pS) (pS

Figure 4.1.1: Insulin-mediated stimulation of glycogen synthesis via a GSK-3
inhibited pathway
Ligand-stimulated tyrosine autophosphorylation o f the insulin receptor homodimer induces recruitment
and tyrosine phosphorylation o f the insulin receptor substrate IRS-1. Phosphorylated IRS-1 recruits
and activates PI-3-kinase via the p85 regulatory subunit, bringing the p i 10 catalytic subunit into
association with the receptor complex at the plasma membrane and hence increasing the physical
proximity o f PI-3K with its substrate, phosphatidyl inositoI-4,5-bisphosphate (PIP?). Phosphorylation
at the 3 ’OH position o f the inositide substrate generates PI( 3 ,4 , 5 )P 3 , which activates PDK via its
pleckstrin homology domain. PDK in turn phosphorylates and activates PKB/Akt. Activated PKB can
phosphorylate GSK-3 P on Ser,, which inactivates the protein by binding o f the pseudosubstrate region
to the catalytic site. Phosphorylation at Serg can also be mediated by p70 S 6 kinase and MAP kinase
activated kinase 1. Inactivated GSK-3P is incapable o f phosphorylating its target, glycogen synthase,
which catalyses the addition o f activated UDP-glucose monomers to the growing glycogen polymer.
Hypophosphorylated GS is more highly active and therefore capable o f rapidly building glycogen
chains. Dephosphorylation o f GSK-3P is catalysed by protein phosphatase 2A (PP2A). Figure adapted
from Cohen and Frame, “The renaissance o f GSK3”, Nature Rev. Mol. Cell Biol., 2001 (2), 769-776.
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The involvement o f GSK-3P in multiple signalling pathways
Although the role of GSK-3 in the regulation of glycogen synthase activity is of vital
importance in the regulation of glucose metabolism in response to insulin signalling,
further roles for GSK-3 p have been identified more recently in pathways unrelated to
glucose metabolism. In particular, the wnt/p-catenin pathway, which is involved in
cellular differentiation during Xenopus laevis and Drosophila melanogaster
development, has been identified as a key pathway in which GSK-3 signalling is
important (Doble, 2003). The identification of several members of the pathway was
originally carried out using the Drosophila system, where mutation of the shaggy
gene was shown to induce alterations in endoderm formation (Kim, 2000).
Drosophila mutagenesis studies were used to confirm the importance of GSK-3 in
transducing signal from the Wnt pathway to modulate gene expression (see Figure
4.1.2) (Doble, 2003). These pathways were subsequently found to have homologous
cascades in mammalian cells, which are believed to play a similarly important role in
neuronal development (Doble, 2003).

Mutation of P-catenin N-terminal Ser/Thr

residues which are phosphorylated downstream of Wnt signalling is known to
stabilise P-catenin in some forms of cancer (van Noort, 2002).

Overexpression and inappropriate activation of GSK-3 p have also been implicated in
neurodegeneration and apoptotic changes in Alzheimer’s disease (Lucas, 2001),
putatively via hyperphosphorylation of another GSK-3p substrate,

t

protein, which is

associated with the formation of helical filaments during disease onset (Kaytor, 2002).
Thus the role of GSK-3 P in development and neurodegeneration is far more complex
than as a regulator of glycogen storage.
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Figure 4.1.2: The importance of GSK-3p in mediating signal from the Wnt
ligand to P-catenin-regulated gene transcription
Under unstimulated conditions, the Frizzled receptor is inactive and does not signal via Dishevelled,
(Dvl) to GSK-3(3. GSK-3P protein is active in this state and can phosphorylate substrates, including |3catenin (putatively pre-phosphorylated by CK-1), which has been found to be enhanced by scaffold
proteins axin and APC. Phosphorylation o f /3-catenin targets it for proteasome-mediated degradation.
Activation o f the pathway by binding o f the Wnt ligand to the cognate receptor Frizzled transduces a
signal via Dvl by a currently undefined mechanism which may involve the GSK-3 P binding protein,
FRAT (GBP), to induce an altered conformation o f the GSK-3p/Axin/APC complex. This altered
complex prevents GSK-3P-mediated phosphorylation o f P-catenin, allowing translocation o f the
protein to the nucleus where it can mediate transcription o f TCF/LEF-regulated genes. Reproduced
from Doble, B.W. and Woodget, J.R., “GSK-3: tricks o f the trade for a multi-tasking kinase”, J. Cell
Sci. 2003 (116), 1175-1186.

The requirement for phosphate priming o f GSK-3P substrates
Many GSK-3p substrates require pre-phosphorylation of a Ser/Thr four residues Cterminal to the GSK-3p-phosphorylated residue (n+4), which allows substrate
molecules to bind to the enzyme catalytic site (See Figure 4.1.3) (Kaytor, 2002). This
requirement for substrate priming is an unusual property for a kinase. The catalytic
loop (or T loop) of the majority of eukaryotic protein kinases contains a threonine
which must be phosphorylated to promote catalytic activity (Bax, 2001). This is not
the case in GSK-3p, where instead the phosphorylated residue upon phosphateprimed substrates occupies this position in the T loop (Bax, 2001). Substrate priming
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therefore allows for additional regulation of GSK-3(3 activity by the action of
upstream kinases (Cohen, 2001).

Protein kinase
e.g. PKB/AKT

Substrate
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Figure 4.1.3: The requirement for phosphate-primed substrate and Sergmediated obstruction of the GSK-3p catalytic site.
In order for most GSK-3 P substrates to bind to the enzyme they must first be phosphorylated by a
priming kinase (e.g. CKl for P-catenin in Figure 4.1.2) at a site (n+4) to the phosphate-accepting
residue. Pre-phosphorylation o f the substrate allows it to bind to the priming phosphate site via Arg%,
Argigo and Lys 2 os, allowing the substrate residue to enter the catalytic site and be phosphorylated.
When GSK-3P is itself phosphorylated (by Akt/PKB or another kinase on Serg), this allows the Nterminus to bind to the priming phosphate site and block entry o f substrates to the active site.
Reproduced from Cohen, P. and Frame, S., “The renaissance o f GSK3”, Nature Rev. Mol. Cell. Biol.,
2001 (2), 769-776.

The importance o f phosphorylation in the regulation o f GSK-3P catalytic activity
GSK-3 p is constitutively active and is known to become inactivated in a PKB/Aktdependent manner in response to extracellular stimuli via a phosphorylation-mediated
pathway. The catalytic activity of GSK-3p is inhibited by phosphorylation at Serg, a
pseudosubstrate site which, when phosphorylated, is capable of binding to the priming
phosphate site within GSK-3P, blocking substrate entry (see Figure 4.1.3).
Phosphorylation of Tyr2 i6 is also known to play a role in the regulation of catalytic
activity.

The role of Akt/PKB in phosphorylation of GSK-3p at Serg (Ser2 i in GSK-3a) was
rapidly discovered, and allows up-regulation of glycogen synthase activity following
RTK stimulation.

A number of other kinases are also capable of carrying out

phosphorylation of this residue, including PKA and MAPKAP-Kl (Cohen, 2001).
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Phosphorylation of the auto-pseudosubstrate region has an important modulatory
effect upon the catalytic activity of the enzyme. The cause of this autoinhibition has
been confirmed with the solution of the crystal structure of GSK-3 p, which indicates
the ability of the N-terminal Serç to bind to the catalytic site when it is
phosphorylated, behaving as a pseudosubstrate, with pSerg occupying the priming
phosphate binding site (Dajani, 2001; Frame, 2001; ter Haar, 2001). This directly
explains how signalling from mitogen or insulin can inhibit catalytic activity of GSK3p.

Phosphorylation at Tyr2 i6 also plays a role in modulating the catalytic activity of
GSK-3p (Dajani, 2003). In the slime mould Dictyostelium, the kinase responsible for
carrying out tyrosine phosphorylation of gskA, which affects Dictyostelium
development has been identified as cAMP-regulated ZAKl (Ali, 2001). No ZAKl
homologue has yet been confidently identified in higher eukaryotes, but roles in
tyrosine phosphorylation have been proposed for both PYK2 and Fyn (Doble, 2003).
Tyr2 i6 phosphorylation may be related to the subcellular localisation of the enzyme; in
neural cells, an increase in pTyr2 i 6 has been found to be associated with pro-apoptotic
signals and triggers accumulation of GSK-3 p in the nucleus (Bhat, 2000). Tyr2 i6
phosphorylation up-regulates the catalytic activity of GSK-3/3 by forming part of the
catalytic pocket, stabilising the T-loop in its active conformation (Bax, 2001; Dajani,
2001). No tyrosine phosphatase has been positively identified for this site as yet, but
dephosphorylation may prove important in regulation of p-catenin-mediated
transcriptional

up-regulation

(Doble,

2003).

As

regulation

by

reversible

phosphorylation of GSK-3 p plays a pivotal role in modulation of the behaviour of this
important kinase, drugs which target GSK-3 p to regulate its role in neurodegenerative
diseases are of great interest (Cohen, 2001). The role for GSK-3p in neurological
development, degeneration and disorders is therefore of great importance as a target
for research and possible pharmaceutical intervention (Doble, 2003).

Phosphorylation sites of gskA downstream of PKB/Akt and ZAKl have been
identified.

PKB-mediated phosphorylation is observed in Drosophila and higher

eukaryotes, and phosphorylation at Tyr2 i6 is known to occur, although no ZAKl
homologue or kinase with Tyr2 i6 phosphorylation activity has been conclusively
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identified outside of Dictyostelium.

Therefore much is still unknown about the

regulation of GSK-3 p activation. The pool of GSK-3 P which interacts with binding
partners FRAT and axin, modulating the ability of GSK-3 p to phosphorylate Pcatenin, appears to be distinct from that which is involved in insulin-mediated
signalling, although the mechanism controlling these two pools remains hitherto
unknown (Doble, 2003).

One particularly interesting feature of this control

mechanism by phosphorylation was recently published by Dajani et al. (Dajani,
2003), who reported that phosphorylation at Tyr2 i6 is vital in the modulation of
interaction with the binding partner axin, which acts as a molecular scaffold for Pcatenin. The GSK-3 p C-terminal domain contains shared binding sites for axin and
FRAT, and its conformation is modulated by Tyr2 i 6 phosphorylation, which is
therefore postulated to play a role in modulating the interactions with these binding
partners (Dajani, 2003; Fraser, 2002). It was believed that other C-terminal tyrosine
residues of GSK-3p could be phosphorylated upon GSK-3p in response to ZAKl
activity in addition to Tyr2 i 6 , as has been reported in Dictyostelium (Kim, 2000). In
order to pinpoint phosphorylation sites upon GSK-3p following ZAKl stimulation, a
phosphorylation-targeted mass spectrometric analysis of GSK-3 p was carried out in
collaboration with Trevor Dale and Elizabeth Fraser at the Institute for Cancer
Research.

4.1.2 Two-dimensional electrophoretic analysis of GSK-3 P indicates the
presence of multiple isoforms

Samples of GSK-3p from two different preparations expressed from a construct
which encoded a hexahistidine-tagged protein were provided for analysis.

Gel-

filtration chromatography showing different elution profiles for the two samples had
previously indicated a difference between the two batches of the protein, which was
believed to be a result of different levels of phosphorylation. ZAKl kinase assay was
carried out upon the second batch of hexahistidine-tagged GSK-3p, and a sample of
this assay and the ZAKl preparation alone were investigated. To determine whether
kinase treatment had induced protein phosphorylation inducing protein heterogeneity
post-translational modification had taken place in these samples (Haystead, 1999),
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2DE analysis was carried out. 5 pg of each sample as provided was separated using
2DE, separating protein according to isoelectric point using 18cm IPG strips(pl 3-10),
with 12% gels to separate proteins with respect to molecular weight (see Chapter 2,
section 2.6.1). An experiment using partial phosphatase treatment to enzymatically
dephosphorylate proteins was carried out to gain a further indication that any
modification in isoform distribution upon in vitro kinase assay was related to
phosphorylation.

G S K -3 p

B4

m
Z A l^ l
ZAKl
MW

B7

Figure 4.1.4: Two-dimensional electrophoretic analysis of GSK-3P
GSK-3P was overexpressed in a hexahistidine-tagged construct in Sf9 cells and subjected to in vitro
kinase assay using a recombinant ZA K l catalytic subunit by Elizabeth Fraser. Samples were separated
by 2D electrophoresis using pH 3-10 IPG strips and 12% acrylamide gels to confirm the presence o f
multiple isoforms corresponding to GSK-3p. pi and MW are as shown in E) throughout. MS-Fit
searches o f peptide mass mapping data are presented in Appendix 4.
A: Pattern o f spots seen following 2DE o f untreated GSK-3p. Several different spots can be seen in
this sample in spite o f the lack o f kinase assay, showing the high level o f basal post-translational
modification o f the exogenously-produced construct (marked with arrows)
B: 2D pattern o f spots corresponding to GSK-3 P following in vitro kinase assay with Z A K l. Note the
slight mass shift in the pattern o f the more highly-modified spots (spots shift up in apparent mass), and
increase in the spot intensity o f the more acidic isoforms.
C: 2D pattern o f ZAKl catalytic subunit prior to GSK-3P assay. Again, several isoforms can be seen
in this sample prior to kinase assay, indicating high levels o f basal phosphorylation.
D; ZAKl spots following kinase assay o f GSK-3p. An increase in the relative intensity o f the more
highly modified isoforms is also observed here (marked with arrows)
E: Pattern o f spots following kinase assay with ZA K l. Identification o f protein spots B4 (GSK-3P)
and B7 (Z A K l) was carried out using MALDI-TOFMS peptide mass mapping and LC/MS/MS
measurements. Peptide mass mapping o f spots B4 and B7 is shown in Appendix 4.
F; Pattern o f spots from (E) following treatment o f kinase assay mixture with calf intestinal
phosphatase (CIP). Note the shift towards the less phosphorylated (basic) isoforms. This treatment
indicates that some o f the sample heterogeneity is due to phosphorylation o f GSK-3P and ZA K l,
although the presence o f multiple spots following CIP treatment indicates either incomplete
dephosphorylation or the presence o f other post-translational modifications.
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2DE analysis of the GSK-3 p preparations with silver staining to detect separated
proteins revealed that the GSK-3 p was indeed present in multiple isoforms (see
Figure 4.1.4, A, B), the complexity of which was partially removed by CIP treatment
(Ih) indicating that the diversity in pi could be related to phosphorylation (Figure
4.1.4, F).

‘Trains’ of spots on 2D gels are frequently associated with sub-

stoichiometric phosphorylation of proteins (Haystead, 1999; Kaufrnann, 2001; Mann,
2002), but very little alteration in the distribution of these isoforms was seen in the
sample where kinase assay had been carried out in the presence of ZAKl (Figure
4.1.4 B). No human ZAKl has yet been identified, although phosphorylation of
mammalian GSK-3p by Dictyostelium ZAKl has been established previously (Kim,
1999). The data from the 2DE analysis carried out herein indicated that had ZAKlmediated tyrosine phosphorylation taken place in these experiments, it was at low
levels, giving low stoichiometry of phosphorylation. Furthermore, other isoforms of
the protein unrelated to Tyr2 i 6 were present, (which were postulated to be
phosphorylated isoforms, due to CEP treatment-related deconvolution of the 2D spot
pattern). Following in gel digestion and identification of the spots by peptide mass
mapping and LC/MS/MS to ensure that the correct proteins were present in the
samples, further analyses were carried out to investigate the phosphorylation of the
GSK-3 p more closely.

No phosphorylated peptides were observed in the in-gel

digested proteins, although the 2D gel patterns had indicated that phosphorylation was
likely to be present. Unambiguous matching of the GSK-3 p peptide mass mapping
data to the NCBI database using MS-Fit showed 32% sequence coverage of the
untagged GSK-3p, and peptide mass mapping to a database specific for the histidinetagged construct indicated 27% sequence coverage but no phosphorylation (see
Appendix 4). Since the sequence coverage was relatively low for such a pure protein,
and large amounts of clean undigested material were available in solution, in-solution
digestion of the material was chosen as the next step for the analysis of the
phosphorylation state of this protein, in order to improve sequence coverage and
hence gain more information about the putative sites of phosphorylation.
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4.1.3 Analysis of GSK-3 p phosphorylation using IMAC

The GSK-3 P samples were provided as solutions, which were relatively free of
impurities. In an attempt to maximise the sequence coverage of these samples for
increased observation of phosphorylation sites, further analysis was performed by in
solution tryptic digestion of the proteins. This allowed circumvention of the problems
of low yield which can be associated with gel-separated proteins.

In-solution

digestion was carried out following reduction and alkylation to cleave disulphide
bonds and protect free cysteines,

and membrane dialysis to remove the

reduction/alkylation agents.

Peptide mass mapping of in-solution digest products gave strong peptide signals
which were therefore subjected to database searching (Figure 4.1.5). Good sequence
coverage (>50%) was obtained, as illustrated in Figure 4.1.5, and further detailed in
Appendix 4.

Again, peptide mass mapping of the digests did not indicate any

phosphorylation of the protein. However, since phosphopeptide ion suppression is
known to occur when mixtures of phosphorylated and non-phosphorylated peptides
are co-analysed (discussed in Chapters 1 and 3), were there phosphopeptides within
these

samples

their ionisation could be

suppressed by

the presence

of

unphosphorylated peptides.

Additionally, initial analysis by 2DE had indicated multiple spots corresponding to
the GSK-3 p protein, suggestive of multiple post-translational modifications such as
phosphorylation, digests were subjected to IMAC treatment to selectively enrich the
phosphorylated component of the digest (see Figure 4.1.6). IMAC separation of the
peptides in these digests was carried out using the standard protocol established in
Chapter 3, Section 3.3.5. MALDI analysis of the eluted peptide fraction in 100 mM
ammonium phosphate following IMAC separation of the GSK-3 p samples revealed
the isolation of several peptides (Figure 4.1.6), whose sequences were assigned using
peptide mass mapping (summarised in Table 4.1.1-2). A significant observation was
that in each case there were a number of peptide ion signals which could not be
identified using peptide mass mapping, which were perhaps due to non-specific
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digestion products of the protein or possible sample contamination.

Within the

spectra obtained from the MALDI analysis of the IMAC eluted fractions from tryptic
digests of the GSK-3P samples, the base peak was a peptide ion at m/z 2184 in all
samples. This m/z value corresponds to the peptide covering the region 384-405,
bearing a single phosphate upon one residue.

This peak was present in all three

samples, indicating that GSK-3P is constitutively and sub-stoichiometrically
phosphorylated at a residue within this region, and was not observed in digests prior
to IMAC.

No ions corresponding to tyrosine phosphorylated peptides were detected in the
ZAXl-kinase assay sample of GSK-3p. This may have been due to a low rate of
kinase activity, producing low stoichiometry of modification or poor ability of this
peptide to become ionised under these conditions. Kinase assay of mammalian GSK3p using Dictyostelium ZAKl has previously been reported (Kim, 1999), but the
stoichiometry of the phosphorylation event was not indicated by this experiment, and
detection of phosphorylation was carried out using [y-^^P]ATP labelling and Western
blotting, which are both capable of achieving low level detection.

150

Chapter 4: Analysis of Signal Transduction Proteins

20000

-

15000 -

10000-

5000 -

-- 1
1000

3000

2000

5000

4000

m/z

B

25000 -

2 0 000

-

N

15000 -

10000

-

5 000-

5000

Results Sunuiut?

Matched

ppm ppm

MS-Digeft
Index

PrateinMW
(Dx)$I

Accesfion #

Species

1 2.T72e-4)06

21 («4) 56.0 84.0 -13.4 59.7

694122

46745/9.0

28455582 M HUMAN

2 2.771e+006

21 (84) 59.0 04.0 -13J 50.3

791956

46769/9.0

1002745 M HUMAN

2 1.183e+O06

20 (80) 52.0 80.0 -14.4 60.4

§ 5.917e+005 19 (76) 40.0 76.0 12.7 60.6

Protein Name

c

Glycogen synthase kinase-3 beta (OSK-3 beta)
glycogen synthase kinase 3 beta (EC 2.7.1. )

951599

48034/9.0

21361348 M UNREADABLE gü21361340ljeflNP_002084.2| glycogen synthase kinase 3 beta [Homo sapiens]

1208501

42934AI.0

’49a’ ’<n M IINRFADARIE 8>l24987247|p*|lGNG|A Cham A. Glycogen Synthase Kmase-3 Beta(Gsk3)
.■498.... 4 , M UNREADABLE
WithFrattide Peptide

1033039

46711/9.0

979007-' M UNREADABLE gi|9790077MNP_062801 1| gjycogen synthase kinase 3 beta [Mus musculus]

Figure 4.1.5: MALDI analysis of in-solution digested GSK-3p
In-solution digestion was carried out using trypsin, 0.5 pi o f each digest was loaded with DHB onto a
MALDI target. See Appendix 4 for the full details o f the sequences mapped for each sample.
A: Untreated GSK-3p. Matched peptides to the GSK-3j(3 sequence are marked according to the
sequence in Appendix 4, and are marked G.
B: GSK-3P + ZAKl following kinase assay. Peptide ions which map to regions o f GSK-3/3 and ZAKl
are marked G and Z respectively, sequences are are as in Appendix 4.
C: Searching o f the N C Bl database using MS-Fit was able to identify the peptide ions observed in (A)
and (B) as being derived from GSK-3[3, B was matched to both ZA K l and GSK-3P with lower
sequence coverage than (A). Matched sequences from searching o f the N C B l database against peptide
masses from Sample 2 (shown in A).
Peaks which could not be matched to the sequence o f GSK-3P are marked #.
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Figure 4.1.6: MALDI-MS following IMAC treatment of GSK3P digests.
Peptides were separated using IMAC according to the protocol described in Chapter 3. following
isolation o f the IMAC-binding fraction, peptides were eluted in 100 mM ammonium phosphate and 5%
o f the eluent spotted with matrix onto a MALDI target. MALDI-TOFMS was then carried out.
Peptides which were matched to GSK-3P or ZAK are marked and their sequences are as in table 4.1.12, peaks which could not be matched within 250 ppm (Sample 2) or 100 ppm (Sample 3) to the known
protein sequences o f GSK-3P or ZAK-1 are labeled #.
A) GSK3 Sample 2 (as in previous figure). Inset: region mass surrounding peptide with w/z 2184
B )G S K 3 + ZAK1 sample 3.
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Table 4.1.1: Matched peptides from MALDI analysis of GSK-3P sample 2
following IMAC treatment
E xperim ental T heoretical E xperim ental/
m/z
theoretical,
ppm
1296.89
1296.68
161.9520622
1460.8
1460.57
157.4727675
2104.25
2103.99
123.5747318
2184.42
2183.96
210.6265683
2328.72
2328.21
219.0524051
2546.78
2546.27
200.2929776

R esidues

P eptide sequence

m/z

M odifications
236-246
432-446
410-431
410-431
149-167
63-86

LD H C N IV R L R
G O T N N A A SA SA SN ST
IQ A A A ST PT N A T A A SD A N T G D R
IQ A A A ST PT N A T A A SD A N T G D R
K D E V Y L N L V L D Y V PE T V Y R
V TTW A TPGQGPDRPQEVSYTD TK

1P04
1P04

Peaks
annotated
G3
GP2
G1
GPl
G2
G6

Table 4.1.2: Matched peptides from MALDI analysis of GSK-3P ZAKl kinase
assay sample following IMAC treatment.
Experimental Theoretical Experimental/
m/z
m/z
theoretical,
nom
803.46
803.46
0
964.58
964.54
41.47054555
1272.62
1272.56
47.14905388
1378.8
1378.72
58.02483463
1613.82
1613.74
49.57428086
2103.82
2103.99
-80.7988631
2183.95
2183.96
-4.57883844
2328.23
2328.21
8.590290395
2526.08
2526.32
-94.9998417
2546.25
2546.27
-7.85462657
2962.21
2962.29
-27.0061338

Protein

Peptide sequence
Modifications
136-141
276-283
236-246
142-153
4-15
410-431
410-431
149-167
150-170
63-86
4-29

OHIIHR
DFSIIIEK
GEPNVSYICSR
DLTSNNVLLDFK
WEIEFEELEFDK
IQAAASTPTNATAASDANTGDR
1PQ4
IQAAASTPTNATAASDANTGDR
KDEVYLNLVLDYVPETVYR
DEVYLNLVLDYVPETVYRVAR
VTTW A TPGQ GPDRPQEVSYTDTK
WEIEFEELEFDKDDSEGGAGNFGDV

ZAKl
ZAKl
GSK3
ZAKl
ZAKl
GSK3
GSK3
GSK3
GSK3
GSK3
ZAKl

Peaks
annotated
Z1
Z2
G7
Z3
Z4
G1
GPl
G2
G5
G6
Z5

Notes: Internal calibration was carried out upon this sample as more peaks were able to be matched to
known sequences, therefore 1 0 0 ppm was taken as cut-off value for mass matching o f peptide ions

In order to confirm the phosphorylation of the putative phosphopeptide at m/z 2183.9,
post-source decay analysis was carried out using the Voyager Elite DB-XL. Post
source decay analysis allowed confirmation of phosphorylation of peptides (see
Figure 4.1.7) due to facile neutral loss of phosphate (HPO3 , seen as a loss of 80 Da
from parent) and phosphoric acid (H3PO 4 , seen as a loss of 98 Da from the parent
ion). This allows rapid confirmation of phosphorylation without the use of any extra
sample, since the eluate from IMAC was directly analysed by PSD. In this case the
PSD analysis indeed confirmed that the peptide ion at m/z 2184 was phosphorylated,
as neutral loss of both 80 Da and 98 Da fi*om the parent ion was observed.
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Figure 4.1.7: MALDI-PSD analysis of putative phosphopeptide, m/z 2183.9
Post-source decay was carried out upon the peak at m/z 2184 as seen in Sample 2 following IMAC
(GP, as shown in Figure 4.1.6 A), using 2,5-DHB as matrix. Facile neutral loss o f phosphate and
phosphoric acid from this peptide are strongly indicative o f phosphorylation o f this peptide.

4.1.4 Confirmation of Thrggg as a novel GSK-3p phosphorylation site using
MALDI-q-TOFMS/MS and LC-TOF-MS/MS

PSD analysis o f the peptide ion detected at m/z 2184 strongly indicated that it was
likely to be phosphorylated, and peptide mass mapping o f the digest peptide ion
masses had matched this particular peptide to a region o f the GSK-3P protein
containing

multiple

potential

phosphate-accepting

residues

(sequence

IQAAASTPTNATAASDANTGDR, contains 2 serine and 4 threonine residues).
Therefore the precise residue o f phosphorylation could not be assigned without
further analysis. M ALDI-CID-qTOF-M S/M S was carried out to discern the site o f
phosphorylation, using a prototype MALDI source which was on loan as part o f an
LICR collaboration with Applied Biosystems/PE-Sciex.
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MALDI-CID-MS/MS analysis of this peptide with m/z 2184 further confirmed that
the peptide was phosphorylated, providing further evidence to confirm the sequence
identification of the peptide as IQAAASTPTAASDANTGDR, with a single
phosphorylated residue, as confirmed by MS-Tag searching using the sequence ions
generated and the parent ion mass (Figure 4.1.8).

Although the fragment ion

spectrum indicated that the phosphorylation resided upon one of the two N-terminal
Ser/Thr residues (Ser394 , Thrggg), further data was required to confirm that this was
the case and to pinpoint the residue upon which the modification occurred. Therefore
the remaining sample was loaded onto the Ultimate™ HPLC system, coupled to the
Q-TOF mass spectrometer, and an automated LC/MS/MS run was carried out to
attempt to gain further sequence information (Figure 4.1.9).

An ‘include list’ of

putative phosphopeptide masses gained from the MALDI analysis of the IMAC eluted
fractions was added into the automated switching set-up. This step biases the analysis
to deliberately carry out MS/MS upon peptide ions of interest if they are observed
within the MS survey scan, potentially allowing peptide ions which might be of
particularly low abundance to be subjected to CID, which might otherwise escape
tandem mass spectrometric analysis.

LC/MS/MS analysis of the IMAC-separated fraction of GSK-Sp shown in Figure
4.1.9

and

4.1.10

confirmed

the

sequence

of

the

peptide

as

IQAAASTPTAASDANTGDR, and almost complete y and b ion series could be
determined for the phosphorylated peptide ion and its non-phosphorylated
counterpart, which were both originally observed to be retained in IMAC-retained
fractions by MALDI (Figure 4.1.6).

Interpretation of the MS/MS data from this

experiment was carried out using MS-Tag, which unambiguously identified the
peptide as having the above sequence, and manual interpretation of the fragment ion
spectrum to definitively identify the modified residue as the first threonine in the
sequence, corresponding to Thrggg in the intact protein (Figure 4.1.10).

155

Chapter 4: Analysis of Signal Transduction Proteins

384

TNATAASDANTGDR406
—yi5
—>'<5
2184

4 0

[M -H P O 3 ]"
2086 8 832

1400

1600

1800

2000

2200

m/z. am u

Figure 4.1.8: MALDI-qTOF-CID MS/MS analysis of peptide m/z 2183.9
Prominent facile loss o f phosphate is seen as a peak with an m/z value 98 Da below that o f the parent
(MH" and neutral loss second isotopes marked ions detected by peak picking in this spectrum).
Unphosphorylated ions corresponding to backbone cleavage fragment ions
and y ,; were also
observed. These are marked upon the spectrum and on the sequence diagram o f the peptide.
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Figure 4.1.9: Selected spectra from automated LC/MS/MS analysis of IMACretained fraction of GSK-3j3
Spectra are from chronologically adjacent MS/MS analyses o f the two peptide ions o f m/z 1052.52 (A)
and 1092.5 (B), respectively, which are doubly-charged ions, and therefore differ in mass by 80 Da, the
mass o f a single phosphate group. Blue lines indicate coincident fragment ions, whilst red lines
indicate fragment ions exclusive to the MS/MS spectrum o f the peptide with m/z 1092.5.
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Figure 4.1.10: Interpretation of the MS/MS analysis of the doubly-charged
peptide with m/z 1092.5
All observed y series fragment ions from the C-terminus o f the parent ion (y,) up to Pro3 9 6 (yis) lack
phosphate, having the same mass as the fragment ions in the unphosphorylated peptide fragment ion
spectrum. Peptide ions y , 7 - ^ 2 1 are present in the MS/MS spectrum and have a mass 80 Da higher than
the unphosphorylated peptide. The fragment ion >’i6 is only seen with a neutral loss o f 98 Da,
corresponding to the loss o f phosphoric acid from this residue. Unphosphorylated b ions are seen for
^2 -^6 , whilst b-i is seen both intact and having lost 98 Da, further confirming Thrgg; as the site o f
modification o f this peptide. This was confirmed by searching o f the N C Bl database with the parent
and fragment peak masses observed for the MS/MS spectrum shown in A (prominent peaks o f interest
are marked in blue) using MS-Tag, which unambiguously identified the appropriate sequence (B).
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4.1.5 Unexpected phosphorylation at Thrggg, no ZAKl-related tyrosine
phosphorylation: Implications of the findings of IMAC analysis of GSK-3j8

The findings of IMAC separation coupled to LC/MS/MS for peptide characterisation
conclusively indicated that the peptide I384 -R405 was phosphorylated at Thrggg. This
residue has not previously been found to be phosphorylated within GSK-3p by other
studies investigating GSK-3p phosphorylation.

Unexpectedly, no phosphorylated

peptides were found in the sample which had been subjected to an in vitro kinase
assay with ZAKl, a cytosolic tyrosine kinase which has previously been found to
phosphorylate gskA in the slime mould Dictyostelium upon multiple tyrosine residues,
including the equivalent residue to Tyr2 ]6 within the catalytic loop of gskA (Kim,
1999).

In their paper, the ability of ZAKl to phosphorylate rabbit GSK-3/3 was

tested, and the kinase was found to have significant tyrosine kinase activity against
GSK-3/3 and to up-regulate the catalytic activity of the serine/threonine kinase against
myelin basic protein (Kim, 1999).

In spite of this, within the current study a

significant alteration in the electrophoretic mobility of the enzyme was not seen when
2DE was performed within the current study following ZAKl kinase assay (Figure
4.1.4). This result indicated that phosphorylation at this residue either does not make
a significant difference to the electrophoretic mobility of the protein, it occurs at very
low stoichiometry, hence not causing a visible shift in pi, or in this particular case the
ZAKl kinase assay did not phosphorylate the GSK-3p. Confirmation of this could
have been carried out using Western Blotting, probing the blot with pTyr2 i6
antibodies, which are commercially available, but within the context of this study
involving IMAC for the identification of phosphorylation sites, analysis of the
kinetics of tyrosine kinase action of ZAKl upon GSK-3P was not strictly relevant.

IMAC separation and mass spectrometric analysis of GSK-3j3 following ZAKl kinase
assay could not confirm ZAKl-related phosphorylation of Tyr2 i6 or any other
residues, which could be due to a number of factors. Although earlier studies have
shown a role for ZAKl-mediated tyrosine phosphorylation of GSK-3P, these previous
studies were carried out using phosphorylation-specific antibodies and 32P labelling
(Kim, 1999; Kim, 2002). The achievable limits of detection using these methods are
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extremely low, and the stoichiometry of modification cannot be measured by such
experiments, therefore low-stoichiometry events will still be detected. Although the
current analysis does not provide any information on tyrosine phosphorylation by
ZAKl, the possibility that phosphorylation events were present but not detected by
the methods used herein cannot be excluded.

Determination of stoichiometry of

modification is particularly difficult, and in order to be able to determine the extent of
phosphorylation of a substrate, all of the possible phosphorylation sites must be
known and the absolute amounts of the protein present must be accurately quantitated.
This type of analysis is currently extremely technically challenging, and although
tools for quantitative proteomic analysis are beginning to become accepted, the ability
to quantitatively detect alterations in phosphorylation site patterns is still in its early
stages (Adam, 2002; Goshe, 2001; Oda, 2001; Zhou, 2001). Quantitative analysis of
the binding of phosphorylated peptides to IMAC resins will be presented in Chapter 5.

A clear observation from the 2DE analysis was that multiple isoforms of the GSK-3jS
were present in the purified form of the tagged enzyme regardless of ZAKl kinase
assay.

CIP treatment partially reduced this heterogeneity, indicating that

phosphorylation might be responsible for at least some of the multiplicity of GSK-3p
spots observed. Therefore it is not entirely unexpected that the only clearly identified
phosphopeptide found in the IMAC analysis presented above was shown to be present
in the protein irrespective of the ZAKl kinase assay.

Identification of phosphorylation sites which have a well-defined role in the
regulation of the protein of interest makes functional interpretation of phosphorylation
events more facile. However, for the evaluation of the developed IMAC method, this
finding of a novel phosphorylation site indicates that IMAC can be applied for
generalised phosphorylation site identification.

Where the stoichiometry of a

particular modification is low, as possibly indicated by the 2DE analysis of GSK-3P
following ZAKl kinase assay, the absolute yield of a particular peptide may be below
the detection limits without further concentration of the peptide. Signal suppression
may still have influenced the observation of phosphorylated peptides in this case, as
several non-phosphorylated peptides were also observed in the IMAC-retained
fractions (see Table 4.1.1-3).
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4.1.6 Structural and functional implications of these findings

The results of IMAC analysis of GSK-3P presented within this study indicate the
constitutive presence of a novel phosphorylated residue, Thrggg, upon hexahistidinetagged protein as expressed in Sf9 cells, regardless of kinase assay.

Mass

spectrometric methods were able to conclusively identify Thrsgg as being the
phosphorylated residue within the peptide isolated by IMAC from GSK-3P samples.
To date, no published work has established any C-terminal phosphorylation of the
protein. Structural analyses of GSK-3/5 constructs have been unable to characterise
this disordered C-terminal region (Bax, 2001; Dajani, 2001; Frame, 2001; ter Haar,
2001).

There is therefore no clear structural implication for the observed

phosphorylation of Thrsgg. This residue exists in a region of insufficient structural
flexibility to allow for an allosteric effect upon the substrate binding site (such as that
seen for Serg) (TC Dale, Personal Communication), therefore such a regulatory role
cannot be established at the current point in time. Mutational analysis of Thrggs to
Ala, carried out by Elizabeth Fraser, did not influence the binding of GSK-3P to the
known interaction partners FRAT and axin (B Fraser, Personal Communication).
Therefore it is difficult to ascertain at this stage if there is a functional role for this
phosphorylation. It is possible that the constitutive phosphorylation of Thrags in these
samples occurred as a result of the expression of the human GSK-3p construct in an
exogenous cell system (Spodoptera frugiperda (fall armyworm)-derived Sf9 cells).
Indeed, high levels of constitutive post-translational modification have been
previously observed upon exogenously-expressed proteins within this cell system (K
Bamouin, Personal Communication; Vanderwerf, 2002).

This study illustrates that IMAC is capable of identifying novel sites of modification
upon proteins of interest, and that pThr-containing peptides are capable of binding to
IMAC resins. Interpreting the structural and functional implications of such novel
phosphorylation events is not simplistic and will require much further biochemical
characterisation.
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4.2 4E-BP1
4.2.1 The role of 4E-BP1 in translation initiation in response to various
effectors

The eukaryotic initiation factor 4E binding protein 1 (4E-BP1) is a member of a small
family of relatively highly-conserved proteins which are involved in the regulation of
mRNA translation in response to mitogenic stimuli (Proud, 2002b), and as such
represents an example of a protein involved in the induction of alterations in protein
expression as a result of receptor-ligand binding events.

Sequestration of the

eukaryotic translation initiation factor 4E protein (eIF-4E) by complexation with 4EBPl is regulated by reversible phosphorylation of 4E-BP1 (Mendez, 1996). Multi
site phosphorylation of 4E-BP1 releases eEF-4E, which is a low copy-number protein
and is itself additionally regulated by phosphorylation (Kleijn, 1998a; Scheper, 2002).
Release of free eIF-4E allows this protein to become a component of the
heterotrimeric eIF4F complex (with eIF-4A and eIF-4G) (Gingras, 1999b) (see Figure
4.2.1). The eIF-4F complex is required for the translation initiation of 5’-cap-polyA
mRNA transcripts, these mRNAs possess a 7-methyl-GTP residue at their 5’ ends (the
‘cap’) and a poly-adenosine tail at their 3’ ends (Sachs, 2000b).

Free eIF-4E is

responsible for binding to the mRNA cap structure, whilst eIF-4A is an RNA helicase
which removes secondary structural elements and efF-4G is a scaffolding protein
which mediates the binding of the 40S ribosomal subunit to the 5’-cap mRNA
molecules and hence the initiation of translation (Kleijn, 1998c). As initiation of
translation has been found to be the rate-limiting step in protein synthesis (Sachs,
2000a), phosphorylation of 4E-BP1 plays a vital role in modulating this essential
cellular process.

Phosphorylation of 4E-BP1 is known to take place under the influence of various
different mediators, such as insulin or growth factor stimulation, heat shock and
amino acid levels of cells (Duncan, 1999; Kleijn, 1998b; Proud, 2002a).

Under

conditions promoting protein synthesis (fed state release of insulin, growth factor
secretion

or

increased

free

amino

acid

concentration),

4E-BP1

becomes

phosphorylated upon multiple serine and threonine residues (Mothe-Satney, 2000b).
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Phosphorylation of 4E-BP1 in the regulation of eIF-4E

Phosphorylation o f 4E-BP1 under the influence o f mitogenic stimuli such as binding o f insulin to its
receptor is reported to take place via an mTOR (mammalian Target o f Rapamycin)-dependent, twostep mechanism.
Binding o f ligand to the receptor induces activation and tyrosine
autophosphorylation, recruiting intracellular mediators such as lRS-1, which induce activation o f P1-3K
and pleckstrin-homology domain-mediated downstream activation o f PDKl and PKB/Akt as in Figure
4.1.1. Activation o f mTOR remains unclear but has been observed in both wortmannin-sensitive (Pl-3
kinase-related) and wortmannin-insensitive modes downstream o f insulin receptor stimulation. The
activated mTOR is capable o f carrying out phosphorylation o f 4E-BP1, although other kinases can also
phosphorylate 4E-BP1, and 4E-BP1 shows both rapamycin-sensitive (mTOR-specific) and rapamycinresistant phosphorylation. In the mTOR-induced pathway, phosphorylation o f 4E-BP1 at Thrg/Thr^^ is
required to allow subsequent phosphorylation at Ser^^/Thryo, releasing free eIF-4E. elF-4E can then
form an alternate complex with other translation initiation factors (eIF-4A, eIF-4G) to form the eIF-4F
complex, which can bind to and initiate translation o f 5 ’Cap-posessing mRNAs. Adapted from
Gingras A-C. et al., “Regulation o f 4E-BP1 phosphorylation: a novel two-step mechanism”. Genes
Dev., 1999 (13), 1422-37.
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The major control mechanism of 4E-BP1 in vivo is currently believed to be via the
mammalian target of rapamycin (mTOR) protein (see Figure 4.2.1).

mTOR was

identified as the molecular target of the bacterial immunosuppressant and antitumour
agent rapamycin, an efficacious drug used following transplantation and in the
treatment of solid tumours (Huang, 2001b). The mTOR protein is a 220 kDa protein
serine/threonine kinase with multiple copies of a HEAT (Huntingtin, EF3, ‘A ’ subunit
of PP2A and Tor subunits) protein-protein interaction domain and a PI3K-related
region, which are involved in the regulation of this protein (Huang, 2001a).
Activation of mTOR occurs as a result of receptor stimulation, which induces
catalytic activity of the kinase via mechanisms which have yet to be fully defined
(Gingras, 1999a; Hara, 1997; Kumar, 2000).

mTOR activation is inhibited by

rapamycin, which binds to a region close to the mTOR kinase domain.

The

mechanism of mTOR regulation of phosphorylation of its targets (including 4E-BP1,
PTEN and p70S6 kinase) is not yet fully understood, but may also be defined by the
interaction o f other proteins such as the recently-discovered Raptor (regulatory
associated protein of mTOR) (Nojima, 2003). Mutations in members of the mTOR
signalling pathway have been found in various cell lines and confer rapamycin
resistance, this could have important implications for the use of rapamycin treatment
in cancer (Huang, 2001c).

A hierarchical scheme of mTOR-mediated 4E-BP1

phosphorylation is proposed to govern consequent dissociation of 4E-BP1 fi’om elF4E (Gingras, 2001a).

A number of other kinases have also been found to

phosphorylate 4E-BP1 in vitro, including MAPK (Rao, 1999) DNA-dependent
protein kinase (DNA-PK) (Chan, 2000), casein kinase II (Fadden, 1998) and the PI3K-related kinase SMG-1 (Denning, 2001). Although in vitro phosphorylation by a
particular kinase does not necessarily confirm the same activity occurs in vivo, no
pathway defining the exact mechanism of regulated phosphorylation of 4E-BP1 has
yet been proposed. Therefore defining which kinases have in vitro kinase activity
towards 4E-BP1 may suggest possible in vivo kinases.

Amongst other proposed kinases for 4E-BP1 are the class I PI3 kinases (see Figure
4.2.1), and in particular the class IB kinase PI-3K y, which was investigated by
Lazaros Foukas and Peter Shepherd (Department of Biochemistry, UCL) following
studies into the protein kinase function of this lipid kinase enzyme (Foukas, 2003).
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To identify the phosphorylation sites upon 4E-BP1 associated with PI-3K7 activity,
kinase assays were carried out upon recombinant material, including known kinases
DNA-PK and the MAPK family member Erkl as positive controls to maximise the
chance of identification of novel phosphorylation sites using EVIAC and mass
spectrometry.

4.2.2 Mass spectrometric analyses of 4E-BP1

Samples of recombinant rat 4E-BP1, a protein which shares high sequence homology
to the human protein (92% sequence identity by BLAST searching), were subjected to
in vitro kinase assay using either recombinant Erkl, DNA-PK or PI-SKy. Reactions
were terminated by addition of electrophoresis sample loading buffer and boiling.
Samples were analysed by one-dimensional Tris-tricine gel electrophoresis, staining
gels with either silver or Coomassie blue. The protein band containing 4E-BP1 was
excised fi'om the gel for digestion. In some experiments reactions were terminated by
boiling in the absence of sample loading buffer, which could be carried out due to the
unusual thermal stability of 4E-BP1, which was originally named PHAS-I
(phosphorylated heat and acid-stable protein regulated by insulin), and will not
precipitate even if boiled. Samples were then centrifuged and separated using semi
preparative HPLC or purified using membrane microdialysis (as detailed in Chapter
2). Proteins were digested from gel pieces or in solution using trypsin or Asp-N and
subjected to peptide mass mapping prior to IMAC separation, and further analysis by
mass spectrometry, as previously described in Chapter 2 and evaluated in Chapter 3.
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Figure 4.2.2: Peptide mass mapping of 4E-BP1
Following ID-Tris-tricine gel electrophoresis and silver staining (A), the marked bands were excised
and digested using trypsin or Asp-N according to the protocols detailed in Chapter 2. Peptide mass
mapping was then carried out using MALDI-MS, an example is shown here for the band marked B in
panel (B), peak annotation is as in Table 4.2.1. N C Bl database searching was carried out with MS-Fit
(C), the sequence coverage (D). In spite o f the poor electrophoretic separation in (A), high-quality
mass spectrometric data and clear identifications with high sequence coverage and mass accuracy were
obtained. MALDI mass spectra o f the bands marked A-G is shown in Figure 4.3.3.
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Peptide mass mapping experiments shown in Figure 4.2.2 indicated that it was
relatively easy to gain high-level sequence coverage of this small (117 residue)
protein, and that in the cases of MAPK and DNA-PK, kinases with known activity
upon 4E-BP1, a number of phosphorylation sites were relatively easily observed
without further separation or enrichment using mass spectrometric detection methods
(Figure 4.2.3). However, in the case of the 4E-BP1 which had been subjected to in
vitro kinase assay with PI-3K7, no phosphorylated peptides were seen in the peptide
mass mapping experiment. The sequence coverage generated in these experiments
was high (typically 70-80 %), but no peptide ion masses consistent with the Nterminus

of

the

polypeptide

(sequence

MSAGSSCSQTPSRAIPTRRVALG,

unmodified m/z 2390, as generated by Asp-N cleavage) were observed, indicating that
the N-terminal peptide might be either poorly recovered from the digestion or ionised
under these conditions. In order to further characterise the phosphorylation of these
samples, IMAC analysis of the in-gel digested proteins was carried out according to
the protocol previously described (Chapters 2 and 3).

Table 4.2.1: Observed peptide ions and known phosphorylation sites of 4E-BP1^
Peak
annotation
N,

m/z

Residues

Sequence

Modifications

782.41

24-31

DGVQLPPG

N

N,

1284.67

73-85

DLPTIPGVTSPTS

N

Pi
Nj

1364.64

73-85

DLPTIPGVTSPTS

1P04

1483.65

103-115

DKRAGGEESQFEM

N

N4

1499.64

103-115

DKRAGGEESQFEM

Methionine oxidation

P:

1563.62

103-115

DKRAGGEESQFEM

1P04

P3

1579.61

103-115

DKRAGGEESQFEM

1P 0 4 , M ethionine oxidation

N5

1876.81

86-102

DEPPM QASQSHLHSSPE

N

N6

1892.81

86-102

DEPPM QASQSHLHSSPE

Methionine oxidation

P4

1956.78

86-102

DEPPM QASQSHLHSSPE

1P04

P5

1972.77

86-102

DEPPM QASQSHLHSSPE

1 P 0 4 , M ethionine oxidation

Known phosphorylation sites

Ser 82 MAPK site

Ser 111 D N A PK site

Ser
site
Ser
site

100 in M APK consensus
(non-physiological)
100 in M APK consensus
(non-physiological)

N7

2274.19

54-72

DRKFLM ECRNSPVAKTPPK

N

Ns

2290.29

54-72

DRKFLM ECRNSPVAKTPPK

M ethionine oxidation

N,

2305.14

32-53

DYSTTPGGTLFSTTPGGTRIIY

N

P5

2354.15

54-72

DRKFLM ECRNSPVAKTPPK

1P04

S64, T 69 known M APK sites

P7

2385.1

32-53

DYSTTPGGTLFSTTPGGTRIIY

1P04

T 36, T45 known M APK sites

Pg

2434.14

54-72

DRKFLMECRNSPVAKTPPK

2P04

S64, T 69 known MAPK sites

P,
N]o

2465.07

32-53

DYSTTPGGTLFSTTPGGTRIIY

2P04

T36, T45 known MAPK sites

3068.52

24-53

DGVQLPPGDYSTTPGGTLFSTTPGGTRHY N

Pio

3148.49

24-53

DGVQLPPGDYSTTPGGTLFSTTPGGTRIIY 1 P 0 4

T 36, T45 known M APK sites

Pii

3228.45

24-53

DGVQLPPGDYSTTPGGTLFSTTPGGTRHY 2 P 0 4

T 36, T45 known M APK sites

Notes: ^When digested using Asp-N. this enzyme was found to give the best sequence coverage and
peptide masses in initial experiments
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Figure 4.2.3: Mass spectrometric analysis of 4E-BP1 samples following kinase
assay and in-gel digestion with Asp-N
Mass spectra obtained from Asp-N digests o f the excised bands as labelled in Figure 4.2.2, using 5% o f
the total digest and DHB matrix. Peptide sequences are as detailed in Table 4.2.1. Matrix peaks are
annotated M.
A: Untreated 4E-BP1
B: DNA-PK kinase assay (lower band). The upper band from DNA-PK-treated 4E-BP1 (shown as C in
Figure 4.2.2) did not yield any peptide ion signals when subjected to MALDI (data not shown).
D: MAPK assay lower band, and
E: MAPK assay upper band. Both gave high-quality mass spectrometric data.
F: PI-3Ky, lower band gave high-quality mass spectrometric data but with no evidence for
phosphorylation
G: PI-3Ky upper band, yielded no peptide ion peaks which could be matched to the 4E-BP1 sequence.
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Figure 4.2.4: MALDI-TOF MS analysis of IMAC-eluted fraction of 4E-BP1
In-gel digested samples as shown in 4.2.3 were subjected to standard separation by IMAC as detailed
in Chapters 2 and 3. IMAC-retained fraction from 4E-BP1 following kinase assay by: DNA-PK (A),
MAPK assay lower mass band (B) and higher mass band (D) and P13Ky (C). Phosphopeptide ions are
marked with P, non-phosphorylated N, sequences are detailed in Table 4.2.1.

Phosphorylated

4E-BP1

peptides

corresponding

to

multiple

known

sites

of

phosphorylation were isolated by IMAC and analysed by M ALDI-M S (Figure 4.2.4
and Table 4.2.1). The detected peptides Pi-Pio eorresponded to previously published
phosphorylation sites in Ser/Thr-Pro motifs (Mothe-Satney, 2000a), representing
consensus sequenees for MAP kinases (Pearson, 1991).

In the case o f MAPK-

phosphorylated 4E-BP1, a previously unidentified phosphorylation site, tentatively
assigned to Serioo (which lies in a Ser-Pro motif), was observed, and the signal-tonoise ratio o f this peak was increased by IMAC treatment.

MALDI-PSD-MS

fragment ion analysis was unable to confirm the phosphorylation site in this particular

case. However, the location o f the phosphorylation site was able to be determined
umambiguously within the peptide with m/z 1364 where more than one Ser/Thr was
present in the peptide sequence (Figure 4.2.5), although in the m ajority o f other cases
insufficient data were obtained by MS/MS to assign the sites o f phosphorylation. No
phosphorylation o f PI-3K-treated 4E-BP1 was seen in this experiment, in spite o f data
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from radiolabelling experiments carried out by Lazaros Foukas indicating strong
evidence for phosphorylation o f 4E-BP1 in these assays (Foukas, 2003). Strong ion
intensities were obtained for peptides containing multiple acidic residues in IMACseparated fractions N 3 -N 6 , as shown in Figure 4.2.4, indicating substantial binding o f
these peptides to IMAC resins.

To attempt to increase peptide yields and sequence coverage for the samples, an
alternative strategy for 4E-BP1 phosphopeptide analysis avoiding the use o f gel
separation was pursued. Kinase assays were carried out as for those in Figures 4.2.2
and 4.2.3, and the resultant phosphoproteins were desalted using membrane
microdialysis to potentially reduce any losses associated with polyacrylamide gel
electrophoresis.

No P13K-phosphorylated 4E-BP1 peptides could be detected in

microdialysis-purified protein digests either prior to or following IMAC separation
(data not shown).
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Figure 4.2.5: MALDI-PSD fragment ion spectrum of phosphopeptide ion, m/z
1364.6
MALDI-PSD analysis was carried out upon the putative phosphopeptide with m/z 1364.6, whose
sequence was DLPTIPGVTSPTS, 1P04.
Sufficient sequence data was gained to localise the
phosphorylation to Serg?, a known MAPK phosphorylation site.
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The data presented from the IMAC analysis of phosphorylated isoforms of 4E-BP1
illustrate some of the inherent difficulties in mass spectrometric analysis of
phosphorylation of proteins. Total sequence coverage is rarely achieved, even where
recombinant proteins are used for analysis, and in this case the sequence coverage
achieved was extremely high (typically 70-80%).

Additionally, a number of

phosphorylated peptides are seen both prior to and following IMAC separation,
particularly where kinase assay using MAPK had been performed. Phosphorylated
peptides are known to ionise less effectively than their non-phosphorylated
counterparts (Liao,

1994), and therefore without further separation not all

phosphorylation sites will be observed. Where sub-stoichiometric phosphorylation
has occurred, observation of an unseparated phosphopeptide may therefore be
problematic. Although these data cannot confirm any phosphorylation of the 4E-BP1
by PI-3Ky, they do not contradict the data from radiolabelling experiments, as it is
entirely possible that the phosphorylated peptides are present within the kinase assay
but are not observed due to technical issues such as poor ionisation, or a problem with
the IMAC process itself.

Further investigation into the IMAC process will be

presented in Chapter 5.

The lack of observation of N-terminal sequence in these samples means that the
phosphorylation status of this region cannot currently be ascertained, although no
previous studies have identified any kinase with activity towards this region.
However, the N-terminal region of 4E-BP1 is of particular interest as it represents a
region which appears to allow the regulation of phosphate-mediated release of eIF-4E
(Tee, 2002d).

The N-terminal peptide generated by Asp-N cleavage of 4E-BP1

(residues 1-24) is equivalent to the region generated by caspase cleavage of the
protein less the C-terminal aspartic acid residue (residues 1-23). During apoptotic cell
death, protein synthesis is halted. One of the mechanisms by which the cell controls
this inhibition of protein synthesis is by caspase-dependent proteolysis of translation
factors, preventing their action to promote de novo protein synthesis. Caspase action
removes the N-terminal region o f 4E-BP1, and it becomes unable to dissociate from
its binding partner eIF-4E, sequestering this vital translation initiation factor in an
irreversible manner (Tee, 2002c).

Therefore the N-terminus of 4E-BP1 may well
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contain important structural elements, which exert an allosteric effect upon eIF-4E
binding.

The N-terminal region of 4E-BP1 contains a single Thr-Pro-Ser-RAIP motif (Tee,
2002b), which appears to be required for the associated kinase mTOR to bind to and
completely phosphorylate 4E-BP1 upon the four residues which promote dissociation
of eIF-4E (Choi, 2003b). The reduced activity of the mTOR protein against caspasecleaved 4E-BP1 and site-directed mutants of the RAIP motif is believed to be a result
of reduced binding of mTOR to the RAIP-mutated protein (Choi, 2003a; Tee, 2002a).
An alternative mechanism by which this regulation could be disrupted might be as a
result of the action of a kinase with catalytic activity against the N-terminal region.
This would be anticipated to have a significant regulatory effect upon the protein.
Further studies to identify the role of the RAIP region and its role in the mechanism of
4E-BP1-mediated regulation of translation initiation may yield more information as to
the subtleties of 4E-BP1 regulation via its interactions with kinases and the nature of
eIF-4E release.

4.3 RhoE
4.3.1 Introduction: RhoE as a key regulator of cytoskeletal morphology

Rho-family proteins are small GTPases of the Ras superfamily (Sahai, 2002b), named
Rho as Ras homologues (Ridley, 2001a). Rho proteins, like other members of the
Ras superfamily, exert their widespread effects upon cellular processes by binding
GTP (guanosine triphosphate), which alters the conformation of the protein, allowing
the Rho proteins to bind to downstream effectors.

Rho proteins, like other small

GTPase family members, have an inherent GTPase activity promoting the hydrolysis
of GTP to GDP. GTP hydrolysis is promoted by the action of GTPase activating
proteins (GAPs), causing inactivation of the Rho protein, whilst exchange of GDP for
GTP is promoted by guanosine nucleotide exchange factors (GEFs), and inhibited by
GDP dissociation inhibitors (GDIs), which can also inhibit GTPase activity (Ridley,
20011) (See Figure 4.3.1). Rho family members are also targets for bacterial toxins,
such as the Clostridium botulinum and Staphylococcus aureus C3 toxins.

These
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toxins exert their influence upon Rho proteins by ADP ribosylation of asparagine
residues, locking the protein in an inactive conformation and preventing interactions
with other cellular effectors and binding proteins. This is one of the mechanisms by
which bacteria have pathogenic effects upon host cells (Wilde, 2001).

A number of subfamilies of Rho proteins have also been identified (Guasch, 1998e;
Ridley, 200le), which are involved in a variety of cellular processes, including actin
remodelling, cell adhesion and cell motility, depending upon the specific Rho protein.
These processes all contribute to the tumorigenic cell’s capacity for migration and
invasion. Rho family proteins are therefore of great interest in the progression to
metastatic behaviour of cancerous cells (Ridley, 200 Id; Sahai, 2002a).

Growth factors,
integrin e n g a g e m e n t

(R h o -G E R
^ ------ ^

Activation

Seq uestration

ghpiGDP)

Rho-GDP

Rho-GTP
Effector

:Rho-GDL

Cytoskeletal
c h a n g e s and cell
regulation

Rho-GAP
Inactivation

Figure 4.3.1: Regulation of Rho family proteins is regulated by binding and
hydrolysis of GTP
GEF proteins become activated upon activation o f growth factor receptors or by engagement o f
integrins, transmembrane proteins which mediate cell-substratum or cell-cell interaction. GEF activity
promotes GDP-for-GTP exchange, allowing activated Rho-GTP to bind to various effectors which
mediate cytoskeletal alterations and other changes. The endogenous GTPase activity o f Rho proteins is
promoted by GAPs. Binding o f GDIs to Rho-GDP sequesters the protein in its inactive conformation.
Adapted from Sahai and Marshall, “Rho-GTPases and cancer”, Nat. Rev. Cancer, 2002, (2), 133-142.

RhoE (also known as Rnd3) and its close homologues Rndl and Rnd2 were originally
discovered as members of a subfamily of the Rho family which having high sequence
homology to other Rho family members, but an unusual structure (Foster, 1996a).
RhoE has several altered amino acids in the GTPase domain in comparison to other
members of the Rho family, which reduce the inherent GTPase activity of the protein
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(Fiegen, 2002b). Homologous residues to these altered sites are frequently found to
be mutated in Ras proteins in tumours (Fiegen, 2002a). The altered GTPase domain
reduces the catalytic ability of the RhoE protein to such an extent that the majority of
the protein effectively exists in a constitutively GTP-bound form (Foster, 1996b;
Guasch, 1998f) The RhoE protein shows additional similarity to Ras proteins in that
the C-terminus contains a CAAX motif which becomes modifie(Foster, 1996c)d by
famesylation, rather than the typical Rho family geranylgeranylation motif, although
the functional significance of this lipid modification remains unclear. Increased RhoE
expression induces actin reorganisation, which is intimately involved in cellular
migration processes, such as the formation of actin-containg cell protrusions
(filopodia and pseudopodia) in macrophages (Guasch, 1998b; Nobes, 1998). RhoE is
also capable of increasing the speed of migration of cells, which could contribute to
the development of metastasis. These effects of RhoE oppose the influence of another
Rho family member protein, RhoA, putatively by competition for RhoA effectors
(Guasch, 1998a; Riento, 2003). The lack of GTPase activity of RhoE means that
(unlike other Rho family members), RhoE is not regulated by GTP hydrolysis and
binding through RhoGEF and RhoGAP proteins; other modifications could therefore
play a significant role in the regulation of RhoE activity.

One kinase which has been identified as potentially involved in regulation of RhoE is
ROCK (Rho kinase), which is an effector protein for activated (GTP-bound) RhoA.
ROCK activation allows phosphorylation of downstream targets such as myosin light
chain phosphatase (Ridley, 2001b), inducing changes in phosphorylation patterns
which contribute to cytoskeletal alterations, including the formation of actin stress
fibres (Ridley, 2001c). As RhoE can act by binding and inhibiting ROCK kinase
activity, a functional interaction of these two proteins would be highly significant as a
method by which RhoE subjugates signalling downstream of activated RhoA.

4.3.2 Application of IMAC to the analysis of RhoE phosphorylation

Several experiments performed by Kirsi Riento (Cellular and Molecular Biology,
LICR) indicated that phosphorylation of RhoE by ROCK can take place (Riento,
2003). Firstly, co-expression of RhoE and ROCK in Cos? cells induced a shift in the
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electrophoretic mobility of RhoE, and secondly, in vitro ROCK kinase assay using
recombinant RhoE as a substrate also indicates that RhoE is a substrate for ROCK (K
Riento,

Personal

Communication).

Further

experiments

indicated

that

phosphorylation only occurred if the N-terminal portion of the protein was present
within expression constructs, and that phosphorylation was further reduced by Cterminal truncation of the protein (K Riento, Personal Communication). The analysis
of RhoE using IMAC and mass spectrometry was initiated as a final year
undergraduate project carried out by Hanako Tsushima (UCL Department of
Biochemistry). In the initial study carried out by K. Riento and H. Tsushima, Flagtagged RhoE constructs were co-transfected into Cos7 cells with a fusion vector
encoding

a

myc-tagged

version

of

the

ROCK

kinase.

Protein

was

immunoprecipitated and separated by ID gel electrophoresis and peptide mass
mapping of in-gel digests was carried out to confirm the identity of the observed 27.5
kDa band as RhoE.

Initial IMAC separation and MALDI-MS analyses did not

conclusively indicate phosphorylation of the protein. I therefore continued the initial
collaborative study, applying alternative methods as we attempted to discover the
phosphorylation sites using a gel-ffee approach.

The gel-free approach for preparing RhoE samples was performed as described in
Chapter 2. Briefly, the RhoE was overexpressed as a GST fusion protein in E.coli, as
previously described (Guasch, 1998c; Riento, 2003).

This allowed affinity

purification of RhoE upon glutathione-sepharose beads without the use of antibodies,
which are known to cause difficulties with mass spectrometric analyses due to the
presence of high levels of contaminant, antibody-derived peaks in samples where
electrophoretic separation is not used.

Overexpressed GST-RhoE, (purified using

GSH sepharose and eluted by thrombin cleavage of the fusion tag), was
phosphorylated by co-incubation with immunoprecipitated, myc-tagged ROCK,
before centrifugation to pellet the beads and removal of supernatant.

This

supernatant, as provided by K. Riento, was digested and subjected to peptide mass
mapping and IMAC treatment. The sequence of RhoE had indicated that the use of
trypsin was inappropriate in this study, as clusters of lysine and arginine residues were
present within the protein N- and C-termini, where predicted phosphorylation sites
were thought to be present. However, Asp-N digestion yielded a very large peptide
(theoretical m/z 4794.69 for the peptide Aspi8 i-Thr2 3 i) in the C-terminal portion of the
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protein, which was outside of the range that is readily resolved by MALDI and ESIMS. Endoproteinase Lys-C was therefore used as an intermediate between these two
extremes.

MALDI analysis of the RhoE protein before and after IMAC treatment as presented in
Figure 4.3.2, indicated four putative phosphorylation sites, two residues within an Nterminal peptide, one singly- and one doubly-phosphorylated peptide at the Cterminus of the protein (as indicated in Figure 4.3.2 and Table 4,3.1). MALDI-TOFPSD analysis could only give extremely limited information about the C-terminal
phosphorylation site within peptide ion P2 , and insufficient signal was gained from
other peaks to be able to carry out PSD experiments. On-target CIP treatment yielded
no further information regarding these samples, as the increased salt concentration
following CIP treatment meant that no peptide signals could be seen by MALDI.
Attempts to carry out LC-MS/MS upon IMAC-retained RhoE fractions yielded no
further information about the phosphorylation sites. Another observation from these
experiments was that an unusually high rate of loss of the postulated phosphopeptides
occurs during freeze-thaw cycles, this may have been due to non-specific adsorption
of the hydrophilic peptides to the walls of the tubes. Subsequent analyses of the same
Lys-C digests which had been subjected to freeze-thawing yielded increasingly poor
results, with sequence coverage and putative phosphopeptide signal intensity falling
dramatically (data not shown).

The peptides isolated using IMAC as shown in Figure 4.3.2 were all tentatively
assigned to serine/threonine-containing peptides which were also within the Nterminal and C-terminal regions of the protein which previous studies by K. Riento
had shown to be required for efficient phosphorylation of RhoE in the presence of
ROCK. Although these analyses were capable of giving an initial insight into the
possible phosphorylation sites following ROCK phosphorylation of RhoE, further
analysis by site-directed mutagenesis is currently underway to determine if these
putative sites are important for phosphorylation or functional behaviour of this protein
(K Riento, Personal Communication).

Further mass spectrometric analysis using

larger amounts of protein could resolve the phosphorylation sites within this protein.
This

study illustrated that IMAC/MALDI analysis

for the

elucidation of
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phosphorylation sites should be used as part o f a multi-faceted, targeted approach to
the analysis o f protein phosphorylation sites upon specific proteins o f interest.
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Figure 4.3.2: Mass spectrometric analysis of RhoE Lys-C digests.
Peptide mass mapping was carried out upon the Lys-C digest shown in A), searching o f the NCBI
database gave 23% sequence coverage for RhoE. IMAC separation o f the digest (B) indicated several
possible sites o f phosphorylation, two within an N-terminal peptide, sequence ERRASQKLSSK, and
two phosphorylated C-terminal peptides RISHMPSRPELSAVATDLRK, and DKAKSCTVM (see
Table 4.4.1). PSD analysis o f the peptide P? showed a minor product ion at a mass 98 Da lower than
the parent (C).
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Table 4.3.1: Putative phosphopeptide ions observed in peptide mass mapping
and IMAC experiments as in Figure 4.3.1
M o d ifi

S ign al pre- C onfirm ation o f

m ass

cations

/post-

Pi

1 2 2 9 .4 3 4 9

2 4 1 -2 4 9
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2 2 1 -2 4 0

R IS H M P SR P E L SA V A T D L R K

?2

2 3 4 4 .1 9 6 1

2 2 1 -2 4 0

R IS H M P SR P E L SA V A T D L R K

IP 04

B oth

Y

P3

1 3 6 9 .6 9 5 3

8-1 8

E R R A S Q K L SSK

IP 04

P ost

N

P4

1 4 4 9 .6 6 1 6

8-1 8

E R R A S Q K L SSK

2P04

P ost

N

N2

3 4 3 2 .6 8 1 8

14 2 -1 7 2

SD LR TD V STLV ELSN H R Q TPV SY D Q G A N M A

Pre

N /A

Peptide

T heoretical R esidues

Putative S equ en ce

Pre

phosphorylation
b y P SD
N
N /A

4,4 Conclusions from the analysis o f cell signalling proteins
The methods developed in Chapter 3 were here applied to the analysis of three
proteins in which occurrence of phosphorylation was either known or strongly
indicated to play an essential role in their functional behaviour. Peptides with m/z
values corresponding to both known and novel phosphorylation sites were detected by
mass spectrometry from IMAC-separated fractions, and in some cases could be
subjected to further tandem mass spectrometric analysis to determine the precise
location of the phosphate moiety upon the peptide chain.

In several cases, the

phosphopeptides which were observed following IMAC separation were completely
absent in spectra prior to IMAC.

The ease with which effective and definitive

phosphorylation site mapping could be achieved using IMAC and mass spectrometry
did, however, vary considerably, depending upon the substrate and the kinase which
was believed to have carried out the phosphorylating activity. There are a number of
potential causes for this variation, which I shall address here.

In the analysis of GSK-Sp, a novel site of modification was identified conclusively
using IMAC in combination with mass spectrometric methods. Thrggg was present in
untreated purified recombinant GSK-3p. The expected site of modification of GSK3p following in vitro kinase assay with the tyrosine kinase ZAKl was not observed
following IMAC separation of the protein. This experiment illustrated that even in
cases where the potential phosphorylation sites upon a protein are known, the current
IMAC protocol cannot be guaranteed to identify them. Since the IMAC sample
preparation method has not been observed to specifically select for a particular
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phosphorylation site of interest, the observation of novel modifications is not
unexpected.

In the case of 4E-BP1, multiple peptides corresponding to phosphopeptides
containing known sites of phosphorylation were detected by mass spectrometry,
IMAC allowed removal of some of the non-phosphorylated peptides to increase the
relative signal-to-noise for the phosphorylated peptides. In both the GSK-3P and 4EBPl case of phosphorylation site identification using IMAC prior to mass
spectrometry, a number of non-phosphorylated peptides containing multiple (two or
more) acidic residues were detected in the eluted fraction following IMAC. Such
non-specific binding via carboxylate anions to the immobilised metal ion has been
observed in a number of previous studies (Ficarro, 2002b; Muszynska, 1992; Raska,
2002; Zhou, 2000), as well as within the method development work presented in this
thesis (Chapter 3). In all of the experiments upon 4E-BP1, prominent acidic peptide
ion signals were observed in fractions which had been separated using IMAC (see
Figure 4.2.4), representing a significant obstacle to effective phosphopeptide
separation.

In the case of phosphorylation site analysis of RhoE, very poor data were obtained
following IMAC separation of digested RhoE. Although the tentatively identified
phosphopeptides were in regions which prior studies had indicated to be important for
ROCK-mediated phosphorylation of RhoE, these data are insufficiently strong to be
able to draw any conclusions regarding the phosphorylation status of these peptides.
Since parallel radiolabelling experiments had strongly suggested that phosphorylation
of RhoE by ROCK occurs under the sample preparation conditions used, there are
three likely explanations regarding the lack of phosphorylated material in the IMACseparated fractions.

Firstly, the stoichiometry of modification of the protein by ROCK phosphorylation
has not been conclusively determined.

Simple detection of phosphorylation by

monitoring electrophoretic shifting of silver-stained ID bands is not an ideal method
for the determination of the stoichiometry of modification, as not all phosphorylation
events induce significant band shifting, and silver staining methods are knovm to give
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non-linear detection of phosphorylated proteins (Patton, 2000). A better method for
the determination of stoichiometry might be to use 2D gel electrophoresis, which
should be more capable of resolving the phosphorylated forms of proteins, with a
linear staining method such as the fluorescent dye SYPRO Ruby™, to be able to
determine the relative intensity of the differently phosphorylated protein spots.

A second problem which may give rise to the lack of phosphorylated signal in eluted
fractions is a lack of binding of phosphorylated peptide to the IMAC resin.
Discussions with colleagues at conferences who have tried IMAC for phosphorylation
site identification has indicated that there is considerable variation in the binding of
phosphorylated peptides to IMAC resins, and that a number of proteins show poor
retention to immobilised metal ions.

A significant observation from these

experiments is that phosphorylation site identification was relatively simplistic in the
case of 4E-BP1, which has a pi of 5.9. In the case of GSK-3/3, although the protein
has a pi of 8.3, the phosphorylation site identified occurred in an acidic region of the
protein, the acidic non-phosphorylated counterpart to the identified phosphopeptide
also being found in IMAC-eluted fractions. In the case of RhoE, which also has a pi
of 8.3, the phosphorylated peptides which were tentatively indicated by IMAC
binding were in regions where there were fewer acidic residues than basic residues,
the basic residues may be involved in some sort of secondary interactions within the
peptide which prevent high-affinity binding of the phosphorylated peptides to IMAC
resins, such as electrostatic interaction between basic residues upon the side-chain and
phosphate moieties.

A third possibility for the lack of phosphopeptide observation in eluted fractions is a
lack of elution under the conditions used.

The studies using ^^P-labelled casein

digests (Chapter 3, Figure 3.2.2) indicated that under the current elution conditions
some phosphorylated material may not be recovered from IMAC beads.

If poor

recovery of phosphorylated peptides from IMAC beads was occurring, this could also
explain the low yield of phosphopeptide in eluted fractions. The latter two of these
points indicate that the IMAC binding and elution process had not yet been fully
understood or optimised, and that there may be some sequence specificity of IMAC
binding and elution which has hitherto remained unreported, probably since a lack of
phosphopeptide detection is a difficult finding to publish in the context of
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phosphorylation site analysis. In order to establish IMAC as a routine, robust and
comprehensive method for phosphorylation isolation and analysis, more detailed
investigation is merited.
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Chapter 5: Investigation into the Binding Properties of
IMAC resins
5.1 Specificity in IM AC binding
Following the method development study presented in Chapter 3, which
demonstrated the utility of IMAC for phosphopeptide separation and the suitability of
IMAC-separated analytes

for downstream mass

spectrometric

analysis,

the

application of the developed method to the analysis of proteins involved in signal
transduction of Chapter 4 gave distinctly mixed results.

Although in some cases

phosphopeptides were isolated with relative ease, in others phosphorylated peptides
were not consistently observed in MALDI spectra of the eluted fraction following
IMAC. Additionally, in several cases acidic peptides are seen to bind sufficiently
strongly to IMAC resin to be observed as major signals in the eluted fraction. In the
presence of other non-phosphorylated peptides, phosphopeptides may be poorly
ionised and therefore not observed. These two problems are distinct, although not
mutually exclusive. Finally, the problem of low stoichiometry of modification can
clearly contribute to low or absent phosphopeptide signal following IMAC separation,
and will be compounded by the first two factors of low phosphopeptide concentration
and the presence of non-phosphorylated peptides. Since this thesis aims to develop
and apply IMAC to the analysis of phosphorylated proteins, determination of the
stoichiometry is beyond the scope of the current study. Further investigation into the
apparent specificity of binding of phosphorylated and acidic peptides is examined
within this final results chapter.

The problem of poor observation of phosphorylated peptides following IMAC results
from three possible factors.

Firstly, poor interaction of phosphopeptides with the

IMAC resin in the initial binding step could clearly play a major role in their observed
poor phosphopeptide ion intensity, and competition between phosphopeptides and
acidic peptides for binding sites upon the IMAC resin could have an influence upon
the binding process. A potential source of this low binding affinity could be by steric
hindrance resulting from peptide intramolecular structures, where basic residues
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‘shield’ the negatively charged phosphate group from the solvent phase by
electrostatic interaction (as suggested in Chapter 4). Such interactions could prevent
phosphate moieties from interacting with the metal chelates. Charge repulsion by
positively charged amino acid residues could additionally reduce the interaction of
basic phosphopeptides with positively charged Fe(III) chelates. A second potential
source o f low phosphopeptide observation following IMAC is if phosphopeptides
with low affinity for the metal chelate (due to charge repulsion or steric hindrance)
were displaced during wash steps as result of such unfavourable structural
conformations, or if the wash conditions were causing metal ion leaching from the
IMAC beads.

Such metal ion leaching is suggested as a potential source of low

analyte retention by the results of previous IMAC studies (Posewitz, 1999; Zhou,
2000). A final potential source of poor observation of phosphorylated peptides is if
the elution step does not fully displace phosphorylated peptides. Some evidence for
poor elution o f phosphorylated peptides was previously presented in Chapter 3, Figure
3.2.2.

Mass spectrometry is unsuitable for carrying out absolute quantitation of binding
processes such as that observed in IMAC, since the ionisation efficiency of peptides
depends upon multiple variables, most importantly sample composition, but also the
preparation method, salt contamination and instrument type.

Therefore a more

quantitative method for the observation of phosphopeptide retention upon IMAC
beads was sought. The use of [y-^^P]-ATP in kinase assay experiments is known to be
an efficient method for labelling phosphorylated amino acids, and allows quantitative
measurement of labelled proteins and peptides, even at low stoichiometry.
Experimental elucidation of the source of the low phosphopeptide abundance as
indicated by mass spectrometry was therefore carried out using radiolabelled analytes.

Binding of acidic peptides to IMAC resins in addition to phosphopeptides has long
been recognised as an important limitation to the use of IMAC as a tool for the
selective enrichment of phosphorylated peptides (Kalume, 2003; Muszynska, 1992;
Neville, 1997; Posewitz, 1999; Ramadan, 1985). Peptide residues with acidic sidechains (Glu, Asp) possess lone pairs of electrons on the carboxylic acid moieties of
their side chains, which are capable of interacting with the immobilised metal, albeit
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with a lower strength of interaction than that of phosphorylated amino acid sidechains (Muszynska, 1992; Ramadan, 1985). In general, phosphorylated residues will
be present at low levels within a phosphorylated protein in comparison to nonphosphorylated residues.

Therefore in a background of acidic peptides, a low-

abundance phosphopeptide may have to compete with acidic peptides for binding to
the resin, and may experience ionisation suppression as a result of the presence of
non-phosphorylated acidic peptides following IMAC. A protocol to overcome this
problem was developed by Ficarro et a l, which exploited the known methyl
estérification of acidic peptides under acidic conditions to block the ability of acidic
peptides to bind to IMAC resins (Ficarro, 2002b). Establishing this protocol using
standard proteins, and determining the influence of methyl estérification upon the
affinity of phosphopeptide retention upon IMAC resins using mass spectrometric
detection and counting of ^^P-labelled analytes is presented in the latter half of this
chapter. Section 5.2.

5.2 The use o f radiolabelled substrates fo r quantitative binding studies
In order to elucidate which of the possible adverse factors in phosphopeptide
separation by IMAC has the most significant influence upon phosphopeptide
detection, a quantitative investigation of the separation process during IMAC was
required. As alluded to in Section 5.1, multiple factors influence mass spectrometric
observation of phosphorylated analytes, largely based upon their individual properties
and the conditions under which ionisation takes place (Beck, 2001; Carr, 1996;
Cramer, 2000; Kratzer, 1998; Liao, 1994). Differential analyte ionisation means that
the concentration of a target peptide may not give a linear response in the detected ion
intensity from different sample compositions (Borchers, 1999; Zhou, 2000). In this
respect, mass spectrometry is poorly suited to quantitative sample analysis without
very careful experimental design.

Recent work upon the use of stable isotope

incorporation into analytes, allowing simultaneous detection and relative quantitation
of the levels of analyte in two differently isotope-labelled samples is best applied in
the isotope-coded affinity tagging approach of Aebersold et a l (Adam, 2002; Gygi,
1999). The ICAT method and related techniques such as PhlAT, developed by Goshe
et a l (Goshe, 2001), allow relative quantitation of peptide concentration. Within this
study, although determination of the relative quantitation of the percentage of
phosphopeptide in a given fraction is needed, the ICAT approach is only semi184
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quantitative in that peptide quantity is estimated in two related samples by the relative
intensities of the ‘heavy’ (deuterated) and ‘light’ (hydrogenated), tagged peptides.
Additionally, the currently-available ICAT methods are expensive, rely upon a multistep derivatisation protocol which will result in inherent loss of peptides, and require
the presence of a free sulphydryl group upon peptides for derivatisation and
quantitation.

Since investigation of the binding and elution of phosphorylated

peptides to IMAC resins was the goal of these experiments, and the radioactive
isotope

(which can be detected at very low levels), was readily available,

radiolabelling was therefore selected as the most suitable method to allow
determination of the phosphopeptide yield at each step of the IMAC experiment.

Phosphopeptides derived from enzymatic digestion of proteins which had been
subjected to in vitro protein kinase assays using [7 -^^P]-ATP were chosen as the most
suitable test substrates for this quantitative analysis.

This system provided a

particularly suitable comparison with the previous work (Chapter 4), since the studies
upon signal transduction proteins had all involved the use of proteins which had been
subjected to in vitro kinase assay and subsequent enzymatic digestion and IMAC
separation to assist the identification of phosphorylation sites.

Thus, IMAC was

performed on the radiolabelled digests, measuring the radiolabelled phosphopeptide
content of each IMAC fraction by Cerenkov counting, normalising the counts at each
stage against the initial load.

5.2.1 Analyte selection

Substrates for analysis were chosen to satisfy a number of criteria, in order to
determine the limiting step in IMAC separation. In order to examine the influence of
acidic phosphopeptides upon IMAC binding, retention and elution, a protein
containing acidic phosphopeptides and a protein where phosphorylation sites were
present in basic regions were both of interest.

A potential source of low

phosphopeptide binding to IMAC resins was interaction of basic residues within
phosphopeptides with the acidic phosphate moiety, causing steric shielding of the
phosphate from the metal chelate. The use of phosphoproteins where basic residues
were present within the phosphorylated regions would help to determine if such
conformational factors were significant for phosphopeptide binding. Additionally, the
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use of agents which can disrupt polypeptide secondary structures (such as those
resulting from intramolecular electrostatic interactions) was investigated, using the
dénaturant

urea

hexafluroisopropanol.

and

the

fluoroalcohol

a-helix

inducer

1,1,1,3,3,3,-

Proteins for this analysis additionally needed to be readily

phosphorylated by defined kinases under in vitro kinase assay conditions.
Phosphorylated proteins, where after digestion, only a relatively small subset of
peptides are potentially phosphorylated in a background of non-phosphorylated
material, comprise a true representation of the typical substrate of interest in such
phosphorylation site analyses. Enzymatic digests of phosphoproteins following in
vitro kinase assay were therefore the starting materials for this investigation into
purported selectivity of IMAC binding. The proteins chosen for this analysis were
bovine a-casein, GST-p27’^'’’^ (human), GST-Rb (human, residues 792-928) and
bovine histone HI.

Prior IMAC studies in Chapters 3 and 4 indicated that tryptic phosphopeptides
derived from Of-casein were more easily retained and eluted than those of other
proteins. Acidic residues are known to contribute to binding and retention during
IMAC (Muszynska, 1992); (Bemos, 1997), and since a-Casein is rich in acidic
residues, this acidic content was postulated to co-operatively enhance IMAC selection
of

Œ-casein

phosphopeptides.

To

investigate

this,

commercially-available

dephosphorylated a-casein was selected as an initial substrate for phosphopeptide
binding and retention study. a-Casein is readily phosphorylated by casein kinase II
(CK2), a kinase which phosphorylates a wide spectrum of substrates on Ser/Thr
residues within acidic motifs (Meggio, 2003). Recombinant CK2 was used for in
vitro kinase assays of O'-casein.

p 2 7 kipi -g ^ cyclin-dependent kinase inhibitor (Philipp-Staheli, 2001) which is
regulated by multisite Ser/Thr phosphorylation (Liang, 2002; Sheaff, 1997; Shin,
2002; Vlach, 1997). Previous studies upon Sf9-derived recombinant p27 carried out
by Karin Bamouin (LICR) have shown enrichment of a peptide containing a
constitutively phosphorylated residue (Serio), using IMAC (K Bam ouin, P erson al
Com m unication).

Serio is a putative substrate for the kinase hKIS, which

phosphorylates and stabilises p27 in a growth factor independent manner (Boehm,
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2002; Ishida, 2002). However, 2DE analysis following co-expression of p27 with
cyclinE/cdk2 had indicated the presence of multiple phosphorylated isoforms, which
were not identified using IMAC and MS analysis (K B am ouin, P ersonal
C om m unication).

The theoretical pi of untagged p27 is 6.5 and that of the GST

fusion protein used in these studies is 6.3, but the known cyclin-dependent kinasemodified p27 phosphorylation sites (Serio, Ser^g, Thrigy, all in Ser/Thr-Pro motifs)
are in regions containing several basic residues. Hence p27 was believed to be a
suitable candidate for the investigation of the influence of basic amino acids within
the phosphopeptide upon retention by IMAC.

The acidic nature of non-

phosphorylated GST-p27 peptides also potentially allowed investigation of the role of
competition for IMAC binding between phosphorylated and acidic peptides.

Histone HI is a highly basic chromatin protein (theoretical pi of human H I.I is
11.0), which is involved in the dynamic process of DNA packaging.

Cell-cycle-

dependent Ser/Thr phosphorylation and acétylation of lysine residues can modulate
the interaction between histones and DNA, and therefore plays an important role in
the regulation of chromatin structure (Berger, 2002).

Many histone HI

phosphorylation sites are known to cluster to lysine/arginine-rich regions (Langan,
1980), this protein was therefore selected as a candidate for the investigation of the
influence of basic residues, charge repulsion and secondary structural disruption
agents upon phosphopeptide binding. HI is a known substrate for cyclinE/cdk2, and
in vitro kinase assay with this enzyme was used to prepare radiolabelled
phosphorylated HI.

The GST-Rb construct used in this study gives a tagged, truncated protein product
(Rb residues 792-928). The Rb (retinoblastoma) gene product is a protein involved in
regulation of cell cycle progression by sequestration of the transcription factor E2F.
Mutation of Rb has been associated with cancer phenotypes (Zheng, 2002). Rb is also
regulated by reversible phosphorylation by cyclin D and E-dependent kinases, such as
cyclin E/cdk2. The theoretical pi of untagged, whole Rb is 8.5, and that of the GST
fusion protein with the Rb region 792-928 is 8.7, although the cyclin-dependent
kinase phosphorylation sites which have been postulated within this region (Serygs,
Tg2 i) (Zarkowska, 1997) were not situated within clusters of basic residues. This
protein was selected to investigate the influence of basic residues within the entire
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protein (inter-peptide electrostatic interactions as opposed to intra-molecular) upon
the binding of phosphopeptides to IMAC resin.

These proteins were used to generate ^^P-labelled analytes for examination of the
binding and elution of phosphopeptides upon IMAC resins. In vitro kinase assays
were carried out as described in Section 2.7.3.

Phosphorylated substrates were

separated from unincorporated ATP using ID-PAGE. Optimisation of kinase assay
conditions (unlabelled ATP concentration and assay buffer), determined optimal
p 2 7 kipi phosphorylation by cyclin E/cdk2 at 200 mM ATP, with BacV-infected
(p27/cyclinE/cdk2) Sf9 cell lysates giving the highest phosphorylated p27^’^^ signal.
50 mM ATP was optimal for Rb and HI phosphorylation (Sheaff, 1997).

5.2.2 Solvent-dependence of phosphopeptide binding and retention

Experimental determination of phosphopeptide distribution amongst the different
fractions generated in a typical IMAC experiment under the standard protocol as
developed in Chapter 3, standardising the ^^P counts in each IMAC fraction against
the total loading counts, was devised. This study aimed to elucidate at which step(s)
any predominant loss of phosphopeptides was occurring.

A panel of ^^P-

phosphorylated substrates were subjected to standard IMAC binding as established in
Chapter 3, with a modified wash step, as detailed in Chapter 2, section 2.7.4.

Under standard conditions, -75-80% of the ^^P-labelled fraction of HI and p27
digests did not bind to the IMAC beads (see Figure 5.2.1). This low binding affinity
of radiolabelled HI and p27 phosphopeptides indicates that the lack of binding of
phosphopeptides to resin may be a generalised problem, as was hypothesised
following some of the results of the analyses presented in Chapter 4.

If total

phosphopeptide binding is poor, the chance of observing high-intensity peptide ion
signal(s) from the separated phosphopeptide fraction is significantly reduced. The
lack of a complete elution of the retained fraction also reduces the concentration of
phosphopeptides following separation. This would reduce the effective detection of
phosphorylated peptides using mass spectrometric methods.

This initial study

additionally confirms that a-casein phosphopeptides are extremely high affinity
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analytes for retention upon IMAC beads; approximately 90% of the loaded counts
were retained upon the resin following binding and wash steps. This is in contrast to
p27 and HI phosphopeptides, where markedly lower retention was observed (-25%
and 20% of loaded counts were retained, respectively).

Distribution of

■B

labelled peptides under standard IMAC
protocol

100

C a se in
E3 R eta in ed on b e a d s following incubation
H S u p e rn a ta n t
a W ash
□ Eluted
■ R eta in ed on b e a d s p o st-elu tion

Figure 5.2.1: Distribution of total ^“P-labelled peptides in a typical IMAC
experiment determined using Cerenkov counting
IMAC experiments were carried out as described in Chapter 3, with the exception o f using a larger
incubation volume (typically 100 (iL instead o f 10 /xL), and washing in only binding solvent (3 x 50
/xL). Elution was carried out using 2 x 20 jtxL aliquots o f 100 mM ammonium dihydrogen phosphate.
IMAC separation steps were carried out in triplicate, and the mean and standard deviation o f the
number o f counts observed by Cerenkov scintillation counting, normalised against total loading counts
were calculated for each experiment.

The results of this study show quantitatively that there is a difference in the retention
of different phosphopeptides upon IMAC resins, and specifically that such
phosphopeptides arising from different proteins show different retention profiles.
This is perhaps unsurprising, since any chromatographic separation relies on
differential retention of the specific analytes of interest. However, this is the first time
that analyte-dependent differential adsorption of phosphopeptides to IMAC beads has
been shown in a quantitative manner.
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Within this study, analyte-dependent low phosphopeptide binding under standard
IMAC conditions was thus identified as a potential source of the poor phosphopeptide
observation in previous analyses. The next step was to investigate modifications to
the protocol, with the aim of amelioration of this low phosphopeptide affinity for
IMAC resins. This analysis was performed by altering the mobile phase during the
initial binding step, as retention was the step at which the major loss of
phosphorylated material had occurred under the standard protocol. Improvement in
phosphopeptide retention at the binding step would be anticipated to yield a higher
percentage of eluted phosphopeptides. The use of mobile phases which influence
secondary structural elements was investigated here to disrupt any electrostatic
interactions which could reduce phosphopeptide binding to IMAC by charge shielding
of the phosphate from the metal chelate.

Investigation of IMAC retention of phosphopeptides with an altered mobile phase
during the binding and wash step conditions was carried out using a small panel of
different mobile phase compositions. 100 mM Acetic acid was used as a control for
these experiments, as the experiment presented in Figure 5.2.1 had indicated the lack
of complete binding of phosphorylated peptides to the resin under the standard
conditions. 6 M urea was proposed as a dénaturant to remove secondary structural
elements which could hinder phosphopeptide binding. 40% 1,1,1,3,3,3-hexafluoro-2propanol (HFIP) was also investigated as a denaturing solvent which induces a-helical
peptide conformation (Hirota, 1997). HFIP was proposed as a means to quantitate the
role of structural elements in IMAC retention. The use of HFIP was anticipated to
generate increased affinity of phosphopeptide binding in cases where charge shielding
was significant, by induction of an alternative alpha-helical secondary structure,
exposing the phosphate moiety to the mobile phase.
propensity of the phosphate for IMAC binding.

This would increase the

HPLC-grade water was used in

comparison with acetic acid to determine the necessity for acidic binding conditions
for IMAC binding. All three test mobile phases were compared to IMAC in 100 mM
acetic acid as presented in Figure 5.2.1.
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Again, the extent of a-casein phosphopeptide retention in acetic acid was seen to be
high, whilst retention of HI and p27 phosphopeptides was relatively low, as shown in
Figure 5.2.1. Increased phosphopeptide binding to IMAC beads was observed for HI
and p27 samples in 40% HFIP in comparison with 100 mM acetic acid (15% and 10%
higher total counts were retained, respectively).

Phosphopeptide binding and

retention in 40% HFIP indicated that the lower-affmity binding phosphopeptides
derived from p27 and histone HI were significantly better retained upon IMAC beads
when HFIP was included in the binding step than they were in 100 mM acetic acid
(see Figures 5.2.2-3).

This improved phosphopeptide retention was maintained

following washing steps using 3 x 50 pi aliquots of loading solvent (See Figure 5.2.3).

Comparison of IMAC binding in different mobile phase compositions

100
□ 100 mM Acetic acid
" □ 40% HFIP
2 o

□ 6 M Urea

60
I

T

□ HPLC-grade Water

y

[~î~]

s Casein

p27

H1

Figure 5.2.2: Solvent dependence of radiolabelled phosphopeptide binding to
IMAC resin determined by Cerenkov counting
Phosphopeptide binding experiments were carried out as detailed in the Materials and Methods
section, using a small panel o f different mobile phase compositions as detailed in the legend.
Following 30 min incubation, the supernatant was removed. The retained, radiolabelled fraction on the
beads was determined by Cerenkov counting, normalising the observed Cerenkov counts against the
initial load o f ^^P-labelled peptides.

The use of urea during the binding step did not enhance binding of phosphopeptides
to the IMAC beads in spite of the potent dénaturant properties of urea. The action of
urea to denature peptides and hence remove secondary structural interactions which
would prevent phosphorylated peptides from interacting with the immobilised Fe(III)
did not increase the observed interaction in these experiments.
indicated that the linearisation of peptides
phosphopeptide binding.

This observation

was not sufficient to

induce

In fact, for HI and p27, a small decrease in
191

Chapter 5: Investigation into the Binding Properties of IMAC Resins
phosphopeptide retention during the binding step was observed (-5% lower total
counts were retained in comparison to phosphopeptide loading in 100 mM acetic acid
for H I, -10% for p27). This finding was consistent with that of Bemos et a l, who
found that the presence of urea decreased the affinity of intact casein proteins for
Fe(III)-IDA resins (Bemos, 1997).

The reduced affinity of phosphopeptides for

IMAC resin in urea-containing solutions, which has previously been observed as a
global decrease in the affinity of serum proteins for immobilised metal ions
(Muszynska, 1992; Porath, 1983), may be due to the action of urea as a chelating
agent, preferentially binding to the Fe(III) resin.

This would therefore block the

chelation of the immobilised metal by phosphopeptides. Urea could also reduce the
affinity of phosphopeptides for IMAC beads by hydrogen bonding to (phosphatecontaining) polypeptides, preventing the metal-chelating phosphate moieties from
interacting with the resin; indeed urea is believed to exert its chaotropic action upon
proteins by direct interaction and hydrogen bonding with non-polar regions of protein
molecules (Feng, 2002). Since no improvement in phosphopeptide binding was seen
in IMAC binding with this mobile phase, urea was excluded from the solvent panel in
further experiments.

The results presented in the study shown in 5.2.3 indicate that inclusion of 40% HFIP
in the mobile phase during binding and wash steps slightly improved the binding of
^^P-labelled phosphopeptides which bound poorly to IMAC resin under the standard
conditions (see Figures 5.2.1-3, 5.2.5). HFIP is a solvent frequently used to solubilise
organic molecules and peptides which are poorly soluble under more standard solvent
systems, and in terms of physical properties, HFIP borders between those of polar and
apolar solvents (See Figure 5.2.4). Circular dichroism studies of peptides solubilised
in HFIP indicates that peptides frequently take up an alpha-helical stmcture which is
not present under other solution conditions (Hirota, 1997).

HFIP is considered

amongst the most potent peptide a-helix inducers currently known (Dwyer, 1999).
HFIP is known to dismpt secondary stmctural conformations and induces a-helical
peptide conformations by alteration of the localised hydrogen bonding environment of
the peptide, making intramolecular hydrogen bonding between amide groups and
carboxyl groups more favourable, the lowest energy structure being that of an alpha
helix (Dwyer, 1999).
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Figure 5.2.3: Comparison of different loading and wash conditions upon
phosphopeptide binding and retention on IMAC beads by Cerenkov counting
~ 1000 counts per minute o f ^‘P-labelled peptides from casein, GST-27 and HI were loaded onto
IMAC beads as in the mobile phases described in the key in panel A. All IMAC-derived fractions and
the beads themselves were subjected to Cerenkov counting, and the counts normalised against the total
loading counts o f
peptides.
A; Beads following removal o f supernatant
B: Supernatant fraction following a 30 min loading step
C: Pooled wash fraction (3 x 50 fiL o f loading solvent)
D: IMAC beads following the wash step
Rb phosphopeptide binding measurements were carried out in a separate experiment by K. Bamouin,
insufficient counts o f radiolabelled digest were available to carry out all experimental conditions,
therefore binding was only determined in HFIP and 100 mM acetic acid.

Figure 5.2.4: Structure of HFIP (l,l,l,3,3,3-hexafiuoro-2-propanol)
OH
' h" c :
F

F

This highly-fluorinated solvent can induce an alpha-helical
conformation in peptides, and was used in IMAC investigations. The
highly electronegative fluorines act as electron withdrawing groups,
increasing the acidic nature o f the alcohol group.

HFIP is known to exhibit strong hydrogen bonding (Nielsen, 1996), and as such
interacts with electron-rich centres such as carbonyl oxygens and amide group
nitrogens. This solvent is therefore capable o f solubilising many peptides which show
poor solubility under aqueous conditions or in organic solvents, and can break
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intramolecular hydrogen bonds and salt bridges. HFIP additionally induces a-helical
polypeptide conformations (Dwyer, 1999; Hirota, 1997). Phosphopeptide binding is
enhanced by the use o f HFIP (Figure 5.2.3), particularly in the case of GST-Rb
phosphopeptides, indicating a possible role for HFIP in disrupting intermolecular
electrostatic interactions between peptides which shield the phosphorylated peptides
from the IMAC resin in the absence of a hydrogen-bonding solvent.

Water was also found to positively influence the binding of histone HI
phosphopeptides with the IMAC sorbent in comparison to acetic acid, and in all other
cases no significant difference in the retention profile was observed where water was
used in place of acetic acid during binding/wash steps (Figures 5.2.2-3).

These

findings contradict those of a previous study by Posewitz and Tempst (Posewitz,
1999), who used a small panel o f synthetic radiolabelled phosphopeptides to
quantitate the process of phosphopeptide binding to IMAC beads. Their findings
indicated that low pH conditions were optimal for IMAC binding of radiolabelled
synthetic phosphopeptides (pH 2.5 was found to be superior to pH 3).

Such

systematic studies are useful in determining the optimal binding conditions for IMAC,
and ideally should be carried out using a broad library of substrates in order to
determine binding conditions for phosphorylated peptides of different sequences. In
the study by Posewitz and Tempst, radiolabelled phosphopeptides were loaded onto
IMAC resin in the absence of other, non-phosphorylated peptides (Posewitz, 1999).
As acidic peptides are known to bind to IMAC resins, acidic wash conditions have
also been proposed as a means to reduce the acidic binding component and increase
the specificity. This increased specificity and affinity of phosphopeptide retention is
proposed to result from removal of competition of acidic peptides for IMAC binding,
by protonation of the acidic side-chains (pKa of Glu is 4.3, and that of Asp is 3.9).
Protonated acidic peptide side-chains cannot effectively chelate Fe(III) and would
thus be prevented from being retained upon IMAC resins (Nuwaysir, 1993; Posewitz,
1999). The current study and other published results have found that acidic binding
and wash conditions are, however, insufficient to completely exclude acidic peptides
from being retained upon IMAC resin (Hart, 2002; Neville, 1997; Raska, 2002).
Phosphopeptides may bind more effectively in water due to lower competition of
water molecules for Fe(III) chelation in comparison with acetic acid, allowing more
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facile chelation of phosphopeptides. Phosphorylated peptides may be excluded from
the chelation sphere by binding of the acetic acid itself to the immobilised metal.
Since acidic peptides are known to bind to the IMAC stationary phase, in the case of
poorly-competing histone HI phosphopeptides this could abrogate retention and
hence further observation of these weakly-interacting phosphopeptides.

The

increased binding affinity of phosphopeptides observed in water may be at the
expense of some specificity o f the interaction, as under higher pH conditions, more
acidic peptides would be anticipated to bind to the IMAC resin, making mass
spectrometric
phosphopeptide

observation
ion

of

the

suppression

phosphopeptides
by

more

unpho sphorylated

difficult

peptides.

due

to

Qualitative

comparison of IMAC retained fractions using non-radiolabelled digests and mass
spectrometric detection of the IMAC-interacting fraction, which was also carried out
within this study (Figures 5.2.5-6), further investigated this balance between affinity
and specificity of IMAC binding. Additionally, the comparison of this data with that
gained in the methyl estérification study (Section 5.3) begins to allow an
understanding of the multiplicity of interactions determining the IMAC binding,
retention and elution properties of phosphopeptides.

In all cases shown in Figure 5.2.3, phosphopeptide losses during wash steps were
extremely low. As an improved binding and retention of phosphopeptides during
wash steps had been achieved, the logical next step was to determine the
phosphopeptide yields during elution steps. In order to determine if the use of altered
mobile phase composition had an influence upon elution of the IMAC-retained
fraction, elution was carried out as per standard protocols, displacing phosphopeptides
in 10 p,L lOOmM ammonium phosphate, allowing elution to proceed for 5 min. Initial
counting of the eluate and IMAC beads following the elution step indicated that a
significant proportion of phosphopeptides remained upon the beads following this
step (as seen in Figure 5.2.1).

Phosphopeptide elution from IMAC beads was

therefore amended, and the percentage of retained counts in the eluted fraction was
increased by carrying out phosphopeptide elution using two 20 pL volumes of 100
mM ammonium phosphate, allowing each elution step to proceed for 5 min, before
removal of the eluted fraction. Both eluate and beads were counted and normalised as
for the other fractions.
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Figure 5.2.5: Cerenkov counting of the eluted and retained fractions from ^'Plabelled phosphopeptide separation on IMAC beads
Washed IMAC beads (see Fig 5.2.5) which had been subjected to loading and wash steps in the
solvent systems described in the key, were treated with 2 x 20 pL 100 mM ammonium phosphate,
which were pooled and subjected to Cerenkov counting. Eluted (A) and retained (B) fractions were
then counted and normalised against the initial loading counts as previously described.

Phosphopeptide elution following IMAC retention o f phosphopeptides under these
conditions (Figure 5.2.5) does not appear to proceed to completion, although > 50%
o f the retained phosphopeptide fraction was eluted in all cases, and in cases where
HFIP was used during binding and washing steps a significant increase in the
proportion o f phosphopeptides eluted was gained for all substrates. In an attempt to
effect a more complete elution from the stationary phase, several different elution
buffers were tried, including the use o f further iterations o f elution, increasing the
ammonium phosphate concentration to 200 mM and the use o f 1% ammonium
hydroxide, but none o f these conditions were capable o f achieving a greater efficiency
o f elution.

The use o f enzymatic dephosphorylation or ^-elim ination might be able to achieve a
more

quantitative

elution

o f bound

phosphopeptides,

but

these

steps

also

dephosphorylate peptides, leaving the phosphate upon the IMAC beads and
preventing any further quantitative tracing o f the peptides.

Since no further

experimental manipulation o f the eluted or retained fractions in this radiolabelling
experiment were required, examination o f the /3-elimination and CIP methods for
phosphopeptide elution were not pursued at this stage, although the lack o f
quantitative elution was kept in mind when proceeding to the parallel study with nonradiolabelled substrates.
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In conclusion, this study with radiolabelled substrates was able to indicate that a low
affinity for phosphopeptide binding is the principal cause for loss of phosphorylated
signal in IMAC separation of phosphopeptides, and that the use of the fluorinated
solvent HFIP during binding and wash steps was able to ameliorate the loss during
binding. Elution of retained phosphopeptide from the IMAC stationary phase did not
proceed to

completion

in these

experiments, particularly where enhanced

phosphopeptide binding had been observed, indicating that the alleviation of
structural hindrance to phosphopeptide binding and had induced a concomitant
increase in the affinity of phosphopeptide binding. In all cases, a higher proportion of
radiolabelled counts were found in the eluted fractions where HFIP had been used
than in either acetic acid or water. A small increase in the affinity of interaction
between phosphopeptides and IMAC beads which was found where water was used
during the binding step instead of acetic acid indicates that acetic acid may compete
for binding sites on the IMAC resin with phosphopeptides.

Using water during

binding and wash steps therefore increases the affinity of the IMAC method, although
this may well be at the expense of specificity. Since both affinity and specificity are
essential for successful phosphopeptide identification using IMAC and mass
spectrometry, understanding the influence of the aforementioned mobile phases upon
the interaction of phosphorylated and non-phosphorylated peptides with IMAC resins
is vital to determine optimised conditions for IMAC enrichment of phosphopeptides.

5.2.3 MALDI-MS investigation of phosphopeptides bound to IMAC resins
under altered mobile phase conditions

In order to gain a qualitative assessment of the binding and elution of
phosphopeptides as presented in the previous quantitative analysis (presented in
Section 5.2.2), mass spectrometry was performed upon a similar set of nonradiolabelled peptides.

Mass spectrometric assessment of the IMAC-binding

phosphopeptides would give an indication of the contribution of non-specific
interactions with the IMAC resin to the retention of non-phosphorylated peptides, as
well as allowing the confirmation of the increase in affinity of IMAC binding of
phosphopeptides as observed within the analysis of radiolabelled phosphopeptides in
Section 5.2.2.

Analytes for the following experiments were derived from kinase
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assays, which were carried out in an analogous manner to the radiolabelling assays
above in the absence o f [7 -^^P]-ATP, detailed in Chapter 2, Section 2.7.3, and a
radiolabelled control was run at the same time to confirm phosphorylation of protein
targets had occurred.

Proteins were separated by IDE and digested as described

(Section 2.4.2). Peptide mass mapping was performed on an aliquot of digests.

IMAC experiments were then carried out, using lOpL of resin and a similar amount
of digest to that in the ^^P labelling study. Phosphopeptides were loaded onto beads
and washed with loading solvent and subsequently treated with lOOmM ammonium
phosphate to elute bound phosphopeptides. The eluent was lyophilised to concentrate
the

eluted

fraction,

then resuspended

in water and loaded onto

Bruker

AnchorChips™, using either HCCA thin-layer (Gobom, 2001) or 2,5-DHB (1:5
saturated aqueous DHB:water) as matrix, or alternatively analysed upon standard
stainless steel MALDI targets and dried droplet sample preparation, employing the
Ultraflex'T^ as previously described (Chapter 2, Section 2.1).

able 5.2.1: g-Casein peptides binding to and eluting from IMAC resin
Peak label

T heoretical

a -c a s e in SI R esidues

m/z

or S2

N,

8 3 1 .3 8

SI

Sequ en ce

M odifications

M obile
p h ase

9 9 -1 0 5

E D V P SE R

d etected ’
A cH F Wa
Wa

Nz

1 0 1 8.52

S2

1 6 8-175

L TE E E K N R

N3

1337.68

SI

9 5 -1 0 5

fflQ K E D V P S E R

Pi

1 459.63

S2

14 1 -1 5 2

E Q L ST SE E N SK K

IP O 4

A c HF W a

P2

1466.61

S2

1 5 3 -1 6 4

T V D M E ST E V F T K

IPO 4

A c HF W a

P3

1594.71

S2

1 5 3-165

T V D M E ST E V F T K K

IPO 4

A cH F Wa

P4

1 6 6 0.79

SI

12 1 -1 3 4

V P Q L E IV P N SA E E R

IPO 4

A c HF W a

N4

1 7 6 7.76

SI

58 -7 3

D IG SE ST E D Q A M E D IK

Ps

1951.95

SI

1 1 9 -1 3 4

Y K V P Q L E IV P N SA E E R

N,

2 6 8 8 .1 6

S2

61 -8 5

N A N E E E Y S IG S S S E E S A E V A T E E V

FDF W a

A cH F Wa
IPO 4

A c HF W a
HFW a

Notes; * M obile phases are abbreviated to A c (100 mM acetic acid), HF (40% HFIP) and W a (HPLCgrade water)
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Figure 5.2.5: MALDI spectra of in vitro phosphorylated casein peptides
following separation by IMAC
Phosphopeptide separation was carried out as previously. Binding and wash steps were performed in
3 X 50 pL o f 100 mM acetic acid (A), 40% HFIP (B) or water (C). Peptides were eluted from IMAC
resin in 2 x 2 0 pL 100 mM ammonium phosphate, and the eluted fraction was dried down, before being
resuspended in lOpL o f HPLC-grade water, and 0.5 pL analysed by MALDI, using 2,5-DHB as matrix
Insets show zoomed regions m/z 1300-1500 and 1930-1980. Peaks which were attributed to particular
peptide ions are annotated as detailed in Table 5.2.1.
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The results of casein phosphopeptide binding, as presented in Figure 5.2.5, concur
with those

obtained in the

experimental analysis

of radiolabelled casein

phosphopeptides, since broadly similar results were seen under all three sets of
binding/wash conditions investigated, with phosphopeptide P 1-P5 being observed in
all three cases. The increase in the quality of the data (in terms of higher signal-tonoise and signal intensity of phosphopeptide ions) obtained in the case of
phosphorylated peptides subjected to binding and wash steps using 40% HFIP was
also consistent with the results from radiolabelling analyses (see Figures 5.2.3-4).
However, more non-specific binding of acidic peptides was observed where HFIP was
used in binding/wash steps instead of acetic acid (Ni, N 3 -N5 were observed where
HFIP was used in comparison to N 4 in acetic acid). Where water was used during
binding and wash steps even higher levels of non-specific binding were observed (NiN 5 ), confirming the earlier hypothesis that enhanced phosphopeptide affinity when
less acidic conditions are used in binding steps occurs at the expense of some
specificity, due to a lack of protonation of acidic peptide side-chains. This study also
confirmed that 40% HFIP could be used during binding and wash steps, whilst
retaining compatibility with downstream mass spectrometric analyses.

This is an

important achievement for this work, since achieving superior selection, retention and
subsequent mass spectrometric observation of phosphopeptides was the ultimate goal
of this revised protocol.

Analysis of the eluted IMAC fraction of p27 enzymatic digests was also carried out
for comparison with the results of the radiolabelling experiments in Section 5.2.2, and
is presented in Figure 5.2.6.
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Figure 5.2.6: MALDI spectra of IMAC separated GST-p27 peptides following
kinase assay
Phosphopeptide separation o f GST-p27 Asp-N digests was performed by IMAC and the
retained/eluted fraction was analysed by MALDI-MS. Binding/wash steps were performed in 100 mM
acetic acid (A), 40% HFIP (B) or water (C), eluting peptides in ammonium phosphate, lyophilising and
resuspending as in Figure 5.2.6. MALDI analysis was carried out, using 2,5-DHB as matrix. Inset
spectra show zoomed regions surrounding the regions 1450-1650, 2000-2400 and 2450-2800.
Annotation o f peaks as in Table 5.2.2. High-intensity peaks attributed to matrix-related ions are
marked M

Table 5.2.2: GST-p27 peptides binding to and eluting from IMAC resins
Peak label

Theoretical

p27 or GST Residues

Sequence

M odifications

\m/z

M obile
phase
detected’

N,

{1540.69

p27

275-286

D M EE A SQ R K W N F

N2

{1808.91

p27

3 3 2 -3 5 0

D V SG SR P A A PL IG A P A N SE

Wa

N3

,20 5 0 .9 4

p27

382-399

D D SST Q N K R A N R T E E N V S

A c HF Wa

p.

{2130.90

p27

382-399

D D SST Q N K R A N R T E E N V S

IPO 4

HF

Pz

{2559.28

p27

4 0 0 -4 2 2

D GSPNAFSV EQ TPK K PG LR R R Q T

IPO 4

A c HF Wa

A c HF Wa

Notes: ' Mobile phases are abbreviated to Ac (100 mM acetic acid), HF (40% HFIP) and Wa (HPLCgrade water)
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Again, the results of this set of mass spectrometric experiments (Figure 5.2.6) showed
a similar profile to the results observed in the radiolabelling analysis.
experiments,

the major phosphorylated

peptide ? 2 , which

In these

corresponds

to

phosphorylation of the C-terminal peptide containing both Serng and Thrig? was seen
more readily, with higher signal-to-noise ratios being evident where HFIP rather than
water or acetic acid was used during binding and wash steps. The signal-to-noise
ratios of P 2 observed using acetic acid binding/wash steps was similar to that seen
where water was used during binding and wash steps. As was the case for casein, a
series of non-specific binding of acidic peptides was observed, with water showing
the highest levels of non-specific binding (N1-N3), followed by HFIP (N1-N3, but with
lower signal intensity of acidic peptides in comparison to water binding) and then
acetic acid (Ni, N3).

These data are in accordance with both theories that acidic

binding conditions assist in excluding peptides with high levels of Asp and Glu from
chelating Fe(III), and that acetic acid itself can compete with weakly-binding
phosphopeptides.

An additional putative p27-derived phosphopeptide (Pi) was

observed in the analyses using HFIP during binding/wash steps. The signal intensity
and signal-to-noise ratio of this peptide ion were, however, insufficient to allow
LIFT/PSD or LC/MS/MS analysis of the ion to confirm its phosphorylation status.
Further analyses to determine if the peptide observed at this mass contains a novel
p27 phosphorylation site are required.

Since significant retention of phosphopeptides following the elution protocol which
was employed within these studies had been observed in the radiolabelling study, a
novel procedure for displacement of this retained fraction by (3-elimination using
mM barium hydroxide was employed (Thompson, 2003).

100

Peptides were further

eluted firom ammonium phosphate-treated IMAC beads by 1 h (3-elimination in 100
mM barium hydroxide, and were subsequently treated with 100 mM ammonium
sulphate to precipitate free barium ions. This fraction was then spotted onto a Bruker
AnchorChip™, using thin-layer HCCA and DHB as matrices.

This procedure

allowed the displacement of phosphorylated peptides which were not eluted from
IMAC beads by conventional treatment with NH 4 H 2 PO 4 . Mass spectrometric analysis
of the p-eliminated fraction indicated that no additional peptides were observed
following p-elimination experiments, whose untreated, phosphorylated counterparts
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had not been present in previously eluted fractions under ammonium phosphate
elution conditions (data not shown).

In a parallel experiment, p-elimination of

retained radiolabelled phosphopeptides was carried out by K. Bamouin (LICR). This
indicated that the p-elimination procedure, whilst containing extremely high base
concentration (100 mM barium hydroxide, pH 12), which displaced peptides from the
surface o f beads, does not displace the

phosphate (which, following p-elimination,

was no longer attached to peptides) from IMAC beads (data not shown). This result
has important implications for the use of base-mediated elution of phosphopeptides
from IMAC resins, since treatment of IMAC-immobilised phosphopeptides with
strong bases would generally be expected to displace phosphate from the surface of
IMAC beads (Han, 2002a; Muszynska, 1992; Nuwaysir, 1993).

The lack of

phosphate elution from IMAC beads under these conditions further confirms that
basic conditions form a poor, non-specific basis for phosphopeptide displacement
from IMAC beads, as indicated in Chapter 3, Section 3.2.

Experimental results derived using mass spectrometric analysis of IMAC treated
protein digests reiterated that, (as indicated by the radiolabelling experiments), acasein phosphopeptides were extremely easily retained and sufficient material was
eluted from IMAC resins for facile mass spectrometric observation of phosphorylated
peptides. p27 phosphopeptides were more difficult than a-casein phosphopeptides to
analyse using IMAC and mass spectrometry. However, MALDI analysis of histone
HI IMAC fractions yielded little data. In-silico digestion of the fragment of bovine
histone HI which is entered in the NCBI database (g.i. 1070593) indicated a plausible
explanation for this phenomenon.

Additionally to the relatively poor HI

phosphopeptide retention observed in the radiolabelling experiments (-40% in Figure
S.2.3-4), HI is composed of approximately 25% lysine (Langan, 1980). Thus, tryptic
cleavage at lysine residues will produce very small peptides, whose masses would fall
outside of the ideal range o f molecular weights for analysis by MALDI and ESI
(-700-4000 Da). If phosphorylated amino acids were localised in lysine-rich regions,
as has been reported to be the case (Langan, 1980), such phosphopeptides, despite
being relatively amenable to IMAC separation (as seen in the

study where HFIP

was used in binding and wash steps), would only be observed in the low-mass region,
where matrix clusters commonly occur, leading to less facile peptide identification.
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Small peptides alone are therefore rarely relied upon for peptide mass mapping
experiments.

This problem would be further compounded by the low yields of

phosphorylated peptides typically observed for HI as indicated from the results
presented in Figure 5.2.2.

This study illustrates a key problem in protein analysis and phosphorylation analysis
in particular, where sequence coverage is paramount.

Although identification of

proteins from their peptide mass maps is now a routine matter, when phosphorylation
site analysis is to be carried out, careful sequence analysis prior to digestion is
necessary.

In the case of histone HI, in silico digestion prior to carrying out

experiments was not possible as only a fragment of the protein sequence is
represented in the reference databank (Bovine histone H l.l, FI, NCBI g.i. reference
1070593). Histones generally show high cross-species sequence conservation, but
histone HI in particular is relatively polymorphic (Langan, 1980; Rail, 1971), and
whilst human H l.l protein (NCBI reference g.i. 31968) shows 95% sequence identity
to bovine HI over this region (by pairwise BLAST searching), and has been
completely sequenced, bovine HI does not have an identical sequence. Human H l.l
protein has 213 amino acids, 59 of which are lysine residues. Experiments using
picomole quantities of untreated histone H l.l and alternative proteolytic enzymes
(Asp-N, Glu-C) in order to identify a more substantial part of the sequence were
carried out, and indicated high homology of the sequence with human H l.l, but
without a database containing the protein of interest, complete sequence
determination was not possible (data not shown). Studies carried out to attempt to
improve the analysis of histone HI following IMAC separation using digestion with
Glu-C instead of trypsin have so far proved equally difficult to interpret (K Barnouin,
P erson al

Com m unication).

Parallel

experiments

using

radiolabelled

phosphopeptides must be carried out if further analyses using ‘cold’ phosphopeptides
and different enzymes are used to ensure that slight alterations in local peptide
environment induced by different enzymes do not alter the binding of the
phosphorylated peptides.

The section of this study involving mass spectrometric

analysis of the IMAC fractions of GST-Rb was not complete at the time of writing,
and is currently being prepared for publication.
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5.2.4 The phenomenon of variable phosphopeptide affinity for IMAC resin

The results of the radiolabelling studies indicated that not all phosphorylated peptides
have equivalent binding properties for IMAC resins.

Indeed, the binding of

radiolabelled phosphopeptides derived from p27 and HI (and, to a lesser extent, Rb)
enzymatic digests to IMAC resin indicated that phosphopeptides from these proteins
had particularly low affinity for IMAC beads. Clearly, if global phosphoproteomic
studies are to be performed using metal affinity chromatography coupled to mass
spectrometric characterisation, phosphopeptides with low affinities for IMAC beads
stand little chance of being detected or identified, and may represent a significant
subset of the phosphoproteome.

To date, no published study has examined

quantitative binding of phosphopeptides from enzymatic digests to IMAC resins,
therefore the phenomenon of inadequate phosphopeptide binding may have been
overlooked in many cases.

In many cases, method development work has been

carried out using the hyperphosphorylated casein milk proteins. As was observed in
the initial method development studies, the phosphorylated regions of casein
frequently contain acidic residues. This suggests that phosphopeptides from casein
enzymatic digests should form a particularly effective substrate for IMAC, since it has
been widely reported that acidic peptides are also frequently found in IMAC-isolated
fractions (Muszynska, 1992; Neville, 1997; Posewitz, 1999; Raska, 2002). Within
this study, radiolabelled casein phosphopeptides were seen to bind extremely
efficiently to IMAC resins and remain closely associated with resin following
repeated washing steps (Figure 5.2.3), and approximately 90% of the initial load of
casein is retained upon the beads following wash steps.

In comparison, other

substrates examined showed relatively poor retention upon IMAC resin, particularly
where acetic acid was used during binding and wash steps. The fact that a-casein and
p-casein have been so commonly used in method development for IMAC and as a
control in IMAC experiments is somewhat disconcerting, and may have misled many
researchers. Although in order to definitively determine the sequence specificity of
the relative binding affinities of phosphopeptides for IMAC sorbents would require a
systematic study with a library of both phosphorylated and Unphosphorylated
peptides, these data strongly indicate that casein represents a highly unusual case of a
phosphoprotein whose phosphopeptides have atypically higher retention properties
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with IMAC resins than other phosphorylated peptides.

Therefore for subsequent

IMAC experiments, it is important to consider the fact that casein binds particularly
well to IMAC resin.

The existence of a subset of phosphorylated peptides showing a significant difficulty
in binding, and hence isolation using IMAC methods, was identified within this study
by the use of radiolabelled phosphopeptides. Interestingly, the use of water alone
during binding and washing steps did not reduce phosphopeptide retention
significantly, and even induced a small improvement in the binding of HI
phosphopeptides to the resin in comparison with 100 mM acetic acid. This is in
contrast to early studies which indicated increased retention of phosphorylated
substrates under acidic binding conditions (Andersson, 1986). In these initial studies,
single amino acids and short synthetic peptides were used to characterise binding of
phosphorylated material to the IMAC resins, and higher elution volumes were
observed at pH 3.1 than at pH 5 (Andersson, 1986). Increased retention at low pH
values was also observed in the 1999 study published by Posewitz and Tempst, who
compared radiolabelled synthetic peptide retention at pH values of 2.5 and 3.0 using a
variety of immobilised metal ions (Posewitz, 1999), although at lower pH some metal
ion leaching was postulated to occur. Observation of unaltered or even improved
phosphopeptide retention in water in comparison to 100 mM acetic acid (pH 3.5) was
therefore unexpected. However, the aforementioned studies all relied upon the use of
purified phosphorylated amino acids or synthetic phosphopeptides for quantitation of
binding of phosphorylated species to IMAC resin. This situation is likely to have an
influence upon the binding of phosphorylated substrates to the chelated metal. This
can take place as under such conditions there is no competition for binding sites by
acidic peptides or charge shielding o f phosphate by intermolecular interactions of
lysine/arginine residues.

Therefore phosphorylated substrates which would bind

poorly under more complex conditions might show improved binding properties when
studied in the absence of competition. The use of water was, however, found to
reduce the selectivity of the IMAC binding, and increased acidic peptide binding was
found in IMAC-eluted fractions where water was used. This supports the hypothesis
o f Posewitz et a l that acidic conditions reduce acidic peptide binding to IMAC resin.
This is not, however, sufficient to abrogate acidic peptide binding (See Figure 5.2.5-6
A).
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One hypothesis to account for the aforementioned observation of low phosphopeptide
binding by basic phosphopeptides from histone HI and p27 and the non-basic
phosphopeptides from the basic protein GST-Rb (Figure 5.2.3) is that intra- and
intermolecular electrostatic interactions could prevent interaction between the
phosphate and the immobilised metal ion (by steric shielding). Salt bridges between
charged amino acid side-chains is a common element of protein structure, which are
believed to stabilise the presence of charged residues at the surface of proteins (Voet,
1995). Such structures could therefore be present in peptides, particularly in cases
where peptides are highly charged with both acidic and basic residues, or between
different peptide molecules in solution. Histone HI phosphopeptides in particular
showed poor affinity for binding to IMAC resin in the

analysis, which could

potentially be a result of such ‘charge shielding’ effects by hydrogen bonding and salt
bridging to phosphorylated residues by internal lysine and arginine residues.

A

potential role for prolines in assisting a ‘folded’ conformation of HI phosphopeptides
is also highly plausible, as prolines are known to influence the steric conformation of
polypeptides (Kyte, 1995).

In such folded conformations where basic residues

interact with the acidic phosphorylated residues, phosphate would be in effect
protected from the external environment, and therefore unable to form effective
interactions with the metal chelate. A common factor involved in the recognition of
binding partners to serine/threonine residues which are phosphorylated by specific
kinases is based upon hydrogen bonding by basic side-chain-containing arginine and
lysine residues (Tzivion, 2001).

For example, the modular phosphopeptide

recognition FHA (forkhead-associated) domain is known to bind to pTXXD motifs in
cognate substrates such as Rad9p, a protein involved in cell cycle control following
DNA damage. Binding of FHA to target phosphoprotein is known to be a direct and
specific interaction between the FHA domain and the phosphorylated region of the
protein (Durocher, 1999), and it seems clear that this interaction is mediated by a
cluster of lysine and arginine residues at the FHA core domain. Another class of
protein domain which is known to interact with phosphorylated regions of proteins
exists in the 14-3-3 family of proteins, which are dimeric a-helical proteins which act
as adaptor scaffolds, mediating and modulating the assembly of complexes of
signalling molecules.

These proteins interact with the phosphorylated residue

208

Chapter 5: Investigation into the Binding Properties of IMAC Resins
(typically within an Arg-Xaa-Ser/Ala-Xaa-pSer-Xaa-Pro motif) upon the binding
partner protein via a number of basic residues (Aitken, 2002), and direct interaction
by salt bridging between basic residues on the 14-3-3 protein and the phosphate group
upon the binding partner has been observed in X-ray crystallographic studies
(Rittinger, 1999). A further class of phosphopeptide-binding modules are those of
WW domain-containing proteins. This tryptophan-containing domain is thought to
bind primarily to proline-rich motifs, although some WW domains are also known to
interact with pSer/pThr-Pro motifs (Lu, 1999).

Again, arginine residues in WW

domains have been shown to play a key role in the binding of this motif to its target
sequence (Wikstrom, 2002). WD40 domains, which contain a 40 amino-acid long
Trp-Asp-rich repeat region, have also been postulated to interact directly with
phosphate upon binding partner polypeptides via arginine side-chains (Orlicky, 2003).

Thus, there is a strong structural precedent for the hypothesis that direct interaction
between the side-chains of basic residues and phosphorylated residues occurs through
electrostatic interactions (Pawson, 2003), which could be responsible for the low
phosphopeptide retention upon IMAC resins. In addition to the interaction between
basic amino acids in phospho-serine/threonine-binding domains, many consensus
phosphorylation sites in proteins exist within lysine/arginine-rich motifs (Pearson,
1991). A clear role for such residues in stabilisation of the secondary structure of
phosphorylated peptides is therefore possible and could have important structural
implications

in

terms

of

maintaining

conformational

changes

following

phosphorylation. If such effects play a significant role in reducing the binding affinity
for phosphopeptides to IMAC resins, these basic residues will cause difficulties in the
isolation, detection and identification of numerous phosphorylation sites using
currently-published methods. For instance, the known phosphorylation sites of the
highly-conserved histone HI family are within the highly basic regions at the N- and
C-termini, and are in -Thr/Ser-Pro/Phe-Lys consensus motifs, phosphorylated by a
number of different kinases (Langan, 1980). The radiolabelling studies presented
within Section 5.2.1 have shown that phosphorylated peptides derived from histone
HI have a low affinity for IMAC beads under standard conditions (see Figure 5.2.1).

The use of HFIP to reduce the effect of intra- and intermolecular electrostatic bonds
seemed a rational experimental step to investigate the nature of the observed poor
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affinity of the interaction between labelled phosphopeptides and immobilised Fe(III).
HFIP is highly miscible with water, and is typically used at concentrations of 20-50%
in water to assist with peptide solubility. An HFIP concentration of 40% (v/v) was
selected as a suitable concentration for induction of an a-helical peptide conformation
for these studies.

The hypothesis that unfavourable peptide conformation is

responsible for poor phosphopeptide interaction is supported by the data from the
HFIP-mediated increase in binding of HI, Rb and GST-p27 observed in the
radiolabelling study.

In these experiments, a significant increase in binding of

phosphopeptides was noted in all cases where HFIP was used during binding of
radiolabelled phosphorylated material to IMAC beads. The improved phosphopeptide
retention observed during the binding step was maintained during wash steps,
indicating that presence of HFIP is sufficient to induce increased affinity of the
phosphorylated peptides for the immobilised Fe(III) (see Figures 5.2.2, 5.2.3). In the
case of histone HI and GST-Rb tryptic digests, the inclusion of 40% HFIP during
binding and wash steps more than doubled the percentage of phosphopeptides
retained upon the IMAC beads (Figure 5.2.3, 5.2.5). In the case of peptides derived
from the acidic phosphoprotein a-casein, steric shielding would not be anticipated,
and indeed the acidic phosphopeptides have an endogenous high affinity for IMAC
resins (Figure 5.2.1). This acidity explains the lack of any major alteration in the
binding affinity of casein phosphopeptides when HFIP is included in binding and
wash steps. O f course, the use of HFIP will also induce an a-helical conformation in
acidic peptides, which would also be anticipated to show higher binding in HFIP than
acetic acid. This, too, is supported by the findings of the parallel non-radioactive
study with mass spectrometric detection where increased acidic peptide binding was
observed (Figures 5.2.5 B, 5.2.6 B).

Experimental procedures to disrupt the

interaction of acidic side-chains with IMAC beads will be addressed in the final
section of this chapter (Section 5.3).

Improved IMAC binding of phosphopeptides observed where HFIP was used as
mobile phase supports the use of acidic loading conditions to improve IMAC
selectivity which have been used throughout IMAC experiments carried out by other
groups, as HFIP, is relatively acidic (pKa~l 1.2) (Snyder, 1997). Early IMAC studies
indicated that the use of lower pH conditions during the binding step enhanced
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analyte retention (Andersson, 1986; Ramadan, 1985), therefore low pH conditions
have been used throughout phosphopeptide binding assays using immobilised metal
ions. In addition to this effect, the lower non-specific binding which was observed in
comparison to water indicated that the use of acidic loading conditions minimises the
non-specific binding of acidic non-phosphopeptides.

A role for acidic binding

conditions in reducing the binding of acidic peptides has also been proposed and
discussed above. However, in these experiments phosphopeptide binding to IMAC
resin in acetic acid showed the lowest affinity of the studied phosphopeptide binding
conditions, particularly in the case of HI phosphopeptides. A working hypothesis is
therefore proposed within this study that this poor phosphopeptide affinity results
from a chelating action of acetic acid itself, which would effectively introduce
competition between solvent and analyte for Fe(III) chelation.

The use of water

instead of acetic acid during binding and wash steps increased the affinity of
phosphopeptide retention upon the IMAC stationary phase, but at the expense of some
selectivity. This is likely to be a result of the lack of protonation of acidic residue side
chains in water.

Therefore the results presented above show that HFIP, with its

induction of increased affinity of phosphopeptides for IMAC resin, combined with
relatively low levels of acidic peptide binding (and hence specificity), represents the
optimal mobile phase for IMAC separation of phosphopeptides within the tested panel
of solvent systems.

Another factor which influences phosphopeptide retention by IMAC beads is the
accessibility of the beads’ surface to phosphopeptides.

In aqueous solution,

phosphopeptides merely need to displace water from the chelation spheres of
immobilised Fe(III) ions in order to be chelated by the metal ion, whereas at low pH,
in strong solutions of acetic acid, acetic acid molecules will occupy the empty orbitals
surrounding the iron, as acids have been observed to behave as ligands to the metal
ion, such as the iminodiacetate and nitrilotriacetate ligands used as stationary phases
in IMAC (Posewitz, 1999; Ramadan, 1985; Zhou, 2000). Acetic acid would therefore
need to be displaced by phosphopeptides for a stable interaction with the Fe(III) to
occur. Weakly-interacting phosphopeptides might therefore be unable to compete
efficiently with acetic acid for binding of metal ion and will be poorly retained.
Substituting water for acetic acid during binding will therefore increase the affinity of
interaction of weakly-binding phosphopeptides for the beads, as seen in Figure 5.2.3.
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However, this will be at the expense of an increase in non-specific binding of acidic
peptides to the resin, as observed in Figure 5.2.5 and 5.2.6 due to a lack of acidic
residue side-chain protonation.

The increase in the concentration of non-

phosphorylated peptides retained under these conditions will clearly have a
detrimental effect upon the observation of phosphopeptide signals.

Therefore an

important role for acidic conditions in increasing the specificity of IMAC binding has
been identified in these studies.

This study illustrates that a balance between the

affinity of phosphopeptides for IMAC beads and the specificity of the IMAC
separation for phosphopeptides must be maintained in order that optimal mass
spectrometric detection of phosphopeptides can be achieved.

5.3 Methyl Estérification o f Carboxylic Acid Groups to Reduce Acidic
Peptide Binding to IM AC Resins
Non-specific binding of acidic peptides to IMAC resins represents a significant
limitation to the utility of IMAC for phosphopeptide separation, largely due to
ionisation suppression by non-phosphopeptides, as discussed in Chapter 1.
Minimising non-specific binding and elution from the resin is absolutely vital to
increase the efficiency of the separation, increasing subsequent mass spectrometric
detection of phosphopeptide ions concomitantly. Reducing the interaction of acidic
peptides with IMAC resins has therefore been identified as a goal for IMAC protocols
(Neville, 1997; Posewitz, 1999). Binding at low pH has been suggested by some
groups as a means to reduce this interaction by protonation of acidic sidechains
(Posewitz, 1999), although the use of acid in loading and wash solvents does not
completely abrogate the interaction of glutamic and aspartic acid-rich peptides (Hart,
2002; Kocher, 2003; Raska, 2002). The protocol of Ficarro et al., which proposes the
use of estérification of acidic groups upon peptides in order to remove the interaction
of these peptides with the IMAC beads for high-throughput IMAC-LC-MS/MS
analyses (Ficarro, 2002b), is therefore interesting as a means of improving IMAC
selectivity. The use of estérification of acidic groups using methanolic hydrochloric
acid under anhydrous conditions was therefore investigated to assess the impact of
this derivatisation upon phosphopeptide retention and separation by IMAC.
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H
C H pH

:

HgO

OCH,

:
OCH.

Glu

Asp

Ct

Me-Glu

M e-Asp

Ct-Me

Figure 5.3.1: Conversion of peptide carboxylic acid groups to methyl esters
The procedure as described by Ficarro et al., (Ficarro, 2002b). Lyophilised peptides were resuspended
in a solution o f methanolic HCl (1.85N ). Derivatisation is allowed to proceed at room teniç>erature
before the derivatisation products are lyophilised. N ote that peptide glutamic acid, aspartic acid and
the C-terminal carboxyl group are the primary targets for estérification in this reaction.

The use of methyl estérification of carboxylic acid groups of proteins (Figure 5.3.1)
was reported in 1966 in chemical derivatisation strategies to determine the number of
acidic residues within a peptide using field desorption-MS (Frick, 1977; Knapp, 1979;
Senn, 1966). The methyl estérification reaction does not require the use of salts or
enzymes, proceeds rapidly and can modify all carboxylic acid groups in an unbiased
manner. In the study published by Ficarro et al. (Ficarro, 2002b), initial experiments
indicated that the use of methyl estérification led to significant deconvolution of the
selected ion chromatogram achieved following IMAC and HPLC-MS analysis where
a synthetic phosphopeptide was mixed at low levels into a background of a mixture of
digested non-phosphorylated proteins. Subsequent analysis of a yeast cell lysate with
this derivatisation led to the identification of 383 phosphorylation sites within the
yeast proteome (Ficarro, 2002b).

Since the current study aimed to investigate

conditions which would improve the separation of phosphopeptides from enzymatic
protein digests using IMAC, the optimal conditions for the methyl estérification
process, the resulting products from the reaction and the influence of this
derivatisation upon phosphopeptide separation were investigated.
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5.3.1 Investigation into the timecourse and requirement for anhydrous
conditions for methyl ester formation

In this section, experiments to determine the optimal timecourse for methyl
estérification derivatisation are described. a-Casein was used as a model protein for
this study; in this case, the high number of acidic residues was experimentally
advantageous, allowing for the extent of estérification to be determined. The presence
of highly acidic phosphopeptides in a-casein tryptic digests also allowed investigation
of the relative contribution of the phosphate and acidic groups upon the interaction
with IMAC resin. Samples were taken at various time points during the derivatisation
process from 15 min up to 24 h. Following derivatisation, samples were lyophilised
and resuspended in water or IMAC loading buffer (100 mM acetic or 40% HFIP,
depending upon the experiment). Analysis of derivatised peptides was carried out by
MALDI using either the Voyager Elite XL™ or the Ultraflex™, as previously
described.
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m /z

m /z
14

m/z

M

m/z

'M,

m/z

12M

m/z

m/z

Figure 5.3.2: MALDI mass spectra showing investigation of the requirement for
anhydrous conditions during estérification and timecourse of reaction
Peptides derived from tryptic digestion o f 0 !-casein were lyophilised and resuspended to a final
concentration o f 1 pmol/rL"' in freshly-prepared HCImboh- Reactions proceeded for the specified time
periods before freeze-drying and resuspension in 100 mM acetic acid to 1 pmolpL'V 0.5pL o f the
derivatised digest was spotted upon a MALDI target with 0.5 pL o f 2,5-DHB for MALDI analysis.
Samples were treated with HCImboh prepared using either HPLC-grade methanol (A) or anhydrous
methanol (B-D). Derivatisation was allowed to proceed for 2h, as in the protocol o f Ficarro et al.
(Ficarro, 2002b) (A,B). Selected time points o f the reaction at 30 min (C) and 24 h (D) are also shown.
Sequences corresponding to the peak labels are as in Table 5.3.1.
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Table 5.3.1: Peptides identified in the MALDI analysis of methyl esterified acasein tryptic digests
Sequence

Modifications

887.45

EDVPSER

4

M2

960.54

EKVNELSK

ICH 3 ’

M3

1281.72

YLGYLEQLLR

ICH 3 '

Peptide
label
Ml

Theoretical

m/z
CH 3 ’

M4

1295.74

YLGYLEQLLR

2

Mg

1310.00

YLGYLEQLLR

2C H 3'+ 15D a

Mg

1412.79

YQKFALPQYLK

ICH 3 '

M7

1716.86

VPQLEIVPNSAEER

4

CH 3 ' IPO 4

Mg

1787.98

HQGLPQEVLNENLLR

2

CH 3 ’

M9

1801.99

HQGLPQEVLNENLLR

3

CH 3 '

Mio

1816.98

HQGLPQEVLNENLLR

3

CH 3 ^+15 Da

Mil

1987.04

IGVNQEAYFYPELFR^

2

CH 3 ’

M i2

2001.05

IGVNQEAYFYPELFR^

3

CH 3 '

M i3

2016.07

IGVNQEAYFYPELFR^

3C H 3'+15D a

M i4

2358.18

EPMIGVNQELAYFYPELFR

3

CH 3 ’

M i5

2372.20

EPMIGVNQELAYFYPELFR

4

CH 3 '

M i6

2387.23

EPMIGVNQELAYFYPELFR 4C H 3'+15D a

CH 3 '

Notes: ' CH 3 refers to methyl estérification o f carboxyl groups (D, E and Ct residues). ^ Confirmation
o f the identity o f this peptide (unmodified mass 1959.03) was carried out by LC-M S-M S (data not
shown).

During a pilot study for the use of methyl estérification of acidic groups, ordinary
HPLC-grade methanol was used, which gave reasonable product yields (80-90% of
MALDI ion signal, see Fig 5.3.2 A).

However, the estérification reaction never

proceeded to completion under these conditions, and a mixture of derivatised
products, including ions corresponding to incompletely derivatised peptides and a 15
Da adduct ion were observed.

For example, the peptide of sequence

HQGLPQEVLNENLLR, was observed as peaks Mg, M 9 and Mio, which represent an
incompletely derivatised peptide (Mg), a complete derivatisation prodict (M 9 ) and a 15
Da adduct ion (Mio).

This experiment illustrated the importance of anhydrous

reaction environment for the efficient conversion of peptide to methyl ester, in spite of
the lack of anhydrous conditions in some protocols (Mcfadden, 1986; Orpiszewski,
1999). The requirement for anhydrous conditions to gain complete estérification of
peptide carboxyl groups suggested that the use of vacuum centrifugation, (which
concentrates any water present in the reaction vial following derivatisation), might be
less suitable for use in estérification than lyophilisation (P Gaffiiey, Personal
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Communication).

Comparison of ‘dry’ (anhydrous) methanolic HCl derivatisation

with ‘wet’ (HPLC-grade) methanolic HCl, employing both lyophilisation and vacuum
centrifugation was therefore carried out. The study shown in Figure 5.3.2 indicated
that the use of anhydrous methanol gave higher observed yields of completely
derivatised product. There was, however, little difference in the yields of experiments
using a ffeeze-dryer rather than a vacuum centrifuge (data not shown).

Timecourse experiments indicated that the reaction did not proceed to completion
after 30 minutes, although less than 5% of the MALDI signal could be attributed to
starting product after 30 min (compare Figure 5.3.2 C to 5.3.2 B). After 24 h an
increase in the number of (15 Da adduct) side-product ions was observed (compare
the signal intensity of Mio in 5.3.2 D to that in panels B and C). At 2 h (Figure 5.3.2
B), the best compromise between complete estérification and minimisation of the
formation of the +15 Da side-product formation appeared to be achieved.

To maximise the yield of the fully-derivatised product from the methyl estérification,
further timecourse and repetitive derivatisation experiments were examined (Figure
5.3.3). Shorter periods of derivatisation (30 m-1 h) indicated a lack of completion of
the reaction, with some peptides being present in a version which is not fully
derivatised (See Mg in Figure 5.3.2 C in comparison with 5.3.2 B, M 3 and Mu in 5.3.3
A in comparison with 5.3.3 B). This lack of complete derivatisation was also been
observed by Ficarro et al., who, following their use of an initial 2 h derivatisation
protocol, have subsequently advocated an additional

2

h derivatisation following the

initial step (Ficarro, 2002a). The disadvantage of using such reiterative estérification
can be seen in Figure 5.3.3 D-E, where results from experiments using two-or threestep derivatisation are shown. In these experiments, although there is little or no
signal derived from incomplete estérification of the peptides, extra derivatives which
cannot be attributed to estérification of carboxyl groups, (since no further carboxyl
groups are available) are observed (Figure 5.3.3). This derivative was identified as
being due to peptide methyl ester formation at Asparagine and Glutamine residues,
which possess a 15 Da mass difference to the completely carboxylate-esterified
peptide from which they are derived (Figure 5.3.4).
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Figure 5.3.3: MALDI-MS analysis of the products of repetitive methyl
estérification
Peptides (casein tryptic digests) were lyophilised and resuspended to a final concentration o f 1
pmol/rL'' in freshly-prepared anhydrous HCImboh- Estérification was allowed to proceed for the
specified periods (A) Ih (B) 2h (C) 3h (D) 2 x Ih or (E) 3 x Ih. Following the derivatisation, peptides
were dried under vacuum and resuspended in 100 mM acetic acid. 0.5 pL o f the derivatised digest was
spotted upon a MALDI target with 0.5 pL o f 2,5-DHB for MALDI analysis. Peptides are annotated as
in Table 5.3.1

LC-MS/MS analysis o f the products o f repeated estérification steps was used to
determine the identity o f the residues bearing the modification which led to the ion
observed with m/z + I5 D a greater than the esterified parent in MALDI-MS to be the
basic residues Gin and Asn (Figure 5.3.4). This modification is attributable to acidcatalysed conversion o f amide to its peptide methyl ester (Young, 1976), although
LC-MS/MS data can only indicate the location and mass o f the modification. Had ion
trapping instrumentation been available, further confirmation o f this modification
could have been carried out.

However, the mass, location and literature report
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(Young, 1976) of this modification provided sufficient evidence to be relatively
certain that this was the source of this modification.

An interesting finding within the data generated by LC-MS/MS was that asparagine
residues were more readily converted to aspartate methyl ester than glutamines to
their corresponding methyl ester, as determined by the exclusive presence of Asn
modification in a sequence where a single residue was modified but both Asn and Gin
residues were present (See Fig 5.3.4 A).

It has been suggested that the inherent

instability of aspartate residues and their consequent collapse to succinamide
(Orpiszewski, 1999) may play a stabilising role in the formation of intermediates
which allow relatively facile methyl estérification at Asn (Mcfadden, 1986;
Orpiszewski, 1999).

The data indicating modification at basic sidechains (Figure

5.3.4) is supported by the fact that erroneous modifications have previously been seen
in methyl esterified peptides (Frick, 1977; Senn, 1966), and similar conversion of Asn
and Gin to methyl esters has been observed with the use of conversion of dipeptides
to pentafiuoropropionyl methyl esters after 16 h (Young, 1976).

5.3.2 The influence of methyl estérification upon peptide binding to IMAC

An experiment to determine the influence of derivatisation upon the binding of nonphosphorylated acidic peptides to IMAC beads was carried out. Initial studies were
carried out using a-casein digests as above, also comparing derivatisation of
phosphatase-treated digests with that of native digests.

Following estérification under anhydrous methanolic HCl for 2 h at room
temperature, peptides were dried under vacuum (methanol thaws at the temperatures
used in conventional ffeeze-drying apparatus, therefore esterified fractions were
evaporated under vacuum at low temperature to minimise back-reaction to
underivatised product). Once peptides had been dried down, they were resuspended
and analysed for their ability to bind to IMAC resins.
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Figure 5.3.4:
LC-MS/MS for elucidation of the residues bearing the
esterification-related +15 Da modification as asparagine and glutamine
Esterified peptides (500 fmol, 3x Ih estérification as in Figure 5.3.3) were loaded upon the Famos
autosampler and analysed by automated LC/MS/MS using the UltiMate™/Q-ToF'^, as previously
described in Chapter 2, Section 2.1.3. Modified residues are marked on the peptide sequence in blue
and asterisk, unmodified residues in red. Tyrosine immonium ion is marked Y/^ in B.
A: Identification o f asparagine as the site o f modification in a peptide containing both Asn and Gin.
The doubly-charged peptide at m/z 866.3 was identified as an 0 !-Sl phosphopeptide
VPQLEIVPNpSAEER, with four esterified carboxyl groups and the +15 Da adduct, MS/MS
measurements identified the the site o f the -t 15 Da adduct as N 1 2 9 .
B: Identification o f glutamine as the site o f the +15 Da modification in a peptide sequence
YLGYLEQLLR.
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Figure 5.3.5: Mass spectrometric analysis of the eluted IMAC fractions
following derivatisation of a-casein by methyl estérification and enzymatic
dephosphorylation
Tryptic digests o f casein (500 fmol/tL'') were treated by enzymatic dephosphorylation with CIP (4hrs).
Completion o f the reaction was monitored by the complete disappearance o f known phosphorylated
peaks by MALDI. Methyl estérification was then performed upon native and CIP-treated casein
digests according to the protocol o f Ficarro et al. (Ficarro, 2002b).
IMAC separation o f peptides
according to standard conditions (100 mM acetic acid) and elution in 100 mM ammonium phosphate.
MALDI analysis o f the eluted fraction was then performed, using 0.5 pL o f digest with 0.5 pL o f
saturated 2,5-DHB as matrix. Peak annotation is as in Table 5 .3 .1.
A: Untreated (%-casein tryptic digest, containing phosphopeptides (P) and non-phosphopeptides (N)
B: CIP-treated digest, containing non-phosphorylated peptides (C)
C; Methyl esterified digest, containing phosphopeptides (MP) and non-phosphorylated peptides (M)
D: CIP-treated, esterified digest containing non-phosphorylated peptides (D)
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Table 5.3.1: a-Casein peptides binding to IMAC resin prior to and following
derivatisation
L abel o n spectru m

S a m p le

m/z o f

S e q u en ce

M o d ifica tio n s

retain ed

N a tiv e c a s e in ’

C IP -treated c a se in

M ethyl ester ified c a se in

M eth yl

ester ified

Ni

net) tid es
8 3 1 .3 8

P3

1 4 6 6 .6 1

TV DM ESTEVFTK

IP O 4

P2

1 6 6 0 .7 9

V P Q L E IV P N S A E E R

IP O 4

2P ,

1 9 2 7 .6 9

D IG S E S T E D Q A M E D IK

2 PO4

Pi

1 9 5 1 .9 5

Y K V P Q L E IV P N S A E E R

IP O 4

N2

3 0 2 6 .4 3

Y V P L G T Q Y T D A P S F S D IP N P IG S E N S E K

c,

8 3 1 .3 8

ED VPSER

C2

1 3 3 7 .6 8

H IQ K E D V P S E R

C 3'

1 5 8 0 .8 3

V P Q L E IV P N S A E E R

c/

1 7 6 7 .7 6

D IG S E S T E D Q A M E D IK

Cs"

1 8 7 2 .9 6

Y K V P Q L E IV P N S A E E R

C6

2 3 0 4 .0 6

Q M E A E S IS S S E E IV P N S V E Q K

C7

2321.08

Q M E A E S IS S S E E IV P N S V E Q K
N A N E E E Y S IG S S S E E S A E V A T E E V K

E D VPSER

p yroglu

Cs

2 6 8 8 .1 6

M.

1 2 9 5 .7 4

YLGYLEQLLR

2C H 3”

M2

1 4 1 2 .8 9

Y Q K F A L P Q Y L K or

2C H 3”

FFVAPFPEVFG K

2C H 3^

M3

1 5 2 2 .8 5

YLGYLEQLLRLK

1

MPi

1 7 0 2 .8 4

V P Q L E IV P N S A E E R

3 C H 3 ' IP O 4

CH3^

M P2

1 7 1 6 .8 6

V P Q L E IV P N S A E E R

3 CH3^ IP O 4

M P3

2008.02

Y K V P Q L E IV P N S A E E R

3 CH3^ IP O 4

M2 Pi

2 0 2 5 .8

D IG S E S T E D Q A M E D IK

7CH3^

M4

2 3 7 2 .2

E P M IG V N Q E L A Y F Y P E L F R

4C H 3^

Ms

2 3 8 8 .2

E P M IG V N Q E L A Y F Y P E L F R

4 C H 3 ” IMetox

C IP - D ,

1 2 9 5 .7 4

YLGYLEQLLR

2C H 3^

D2

1 4 1 2 .8 9

Y Q K F A L P Q Y L K or

2C H 3”

FFV A PFPEVFG K

2C H 3”

T V D M E S T E V F T K K T K or

3C H 3”

H Q G LPQ EVLNENLLR

3C H 3”

2

PO4

treated ca sein

D3

1 8 0 1 .9 5

D 4'

1 9 1 4 .0 3

Y K V P Q L E IV P N S A E E R

3C H 3^

Ds"

1 9 2 8 .0 5

Y K V P Q L E IV P N S A E E R

4C H 3”

Notes: ' ‘Native casein’ refers to an untreated tryptic digest o f a-casein, used as a control for the
experiment. ^Dephosphorylated peptide corresponding to the phosphopeptide which was found to bind
to IMAC beads under standard conditions ^ ‘C H 3’ refers to the number o f methyl ester groups upon the
peptide, estérification generally occurs at Asp and Glu residues and at the C-terminus.
^
Dephosphorylated, esterified peptides corresponding to phosphopeptides which bind to IMAC resin
under standard conditions.
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The results of the IMAC-binding study, presented in Figure 5.3.5, indicated that, as
anticipated, enzymatic dephosphorylation was not capable of abrogating the
interaction between peptides and IMAC resin. Where dephosphorylation of peptides
had been performed, acidic non-phosphorylated peptides were found to easily bind to
and elute from the metal chelate (observed by the presence of multiple acidic residuecontaining peptides Ci-C? in IMAC-eluted fractions in Figure 5.3.5 B), although with
lower signal intensities.

The influence of acidic residues within casein

phosphopeptides upon IMAC binding was underlined by the fact that several of the
peptides found to bind in CIP-treated digests corresponded to dephosphorylated
peptides which bind to IMAC when phosphorylated (C3-C5 in Figure 5.3.5 B).
Estérification of the peptide acidic groups was seen to increase the specificity of the
IMAC process, since the base peak prior to estérification was an acidic nonphosphorylated peptide (Ni in Figure 5.3.5 A), which was not observed following
estérification (5.3.5 C). In spite of the improved selectivity of the IMAC process for
phosphorylated peptides following estérification, a number of non-phosphorylated
peptides were also observed in IMAC-eluted fractions following estérification (MiM 5 in Figure 5.3.5 C). The peptides corresponding to these m/z values all contained
multiple aromatic residues (Tyr, Phe), which have been previously postulated to be
IMAC binding determinants (Muszynska,

1992).

Perhaps surprisingly, the

combination of dephosphorylation and CIP treatment (Figure 5.3.5 D) was found not
to abrogate the interaction of peptides with the IMAC resin completely. With the
exception of peptide D3, all of the IMAC-retained peptides from this sample again
contained multiple aromatic residues. These data indicate that acidic interactions and
phosphopeptide interactions are not the sole IMAC binding determinants with Fe(III)IMAC beads; indeed other functional groups are capable of inducing an interaction
between peptide and bead.

Previous studies had indicated that tyrosine- and

phenylalanine-containing peptides were capable of interacting with immobilised
Fe(III) (Bemos, 1997; Muszynska, 1992).

In the absence of other binding

determinants which compete more strongly for Fe(III) ions, the binding of these
groups appears to become a significant binding determinant for IMAC resins. Similar
aromatic peptide binding was also observed in the initial analysis (Chapter 3, Figure
3.1.3) where the IDA ligand was used rather than NT A, indicating that such events
between Fe(III) and aromatic residues occur under conditions where lower affinity
binding can take place.
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5.3.3 Methyl estérification experiments with radiolabelled peptides to
determine the influence of methyl estérification upon phosphopeptide
affinity for IMAC resin

A study of the influence of methyl estérification on identical samples to those used in
the quantitative analyses of IMAC binding with ^^P-labelled substrates as detailed in
section 5.2.2 was carried out.

The experimental conditions were identical to the

estérification reactions previously described in Sections 5.3.1 and 5.3.2.

IMAC

binding assays of the esterified phosphoprotein digests were carried out identically to
the studies in Section 5.2.

An important observation in this experiment was that it was not always possible to resolubilise all of the derivatised phosphopeptides following the estérification step;
significant phosphopeptide adsorption to the tube and lack of solubility meant that
some radiolabelled material was not transferred to the beads.

This loss was

particularly noticed in the case of radiolabelled casein digests, and may be due to the
extremely acidic nature of casein peptides; where derivatisation reduces the charged
nature of the peptide and replaces the acidic group with a CH3 group. This reduction
in peptide charge may significantly reduce the solubility of the derivatised peptide,
and the associated loss of material could be problematic in some cases. The use of
formic acid, TFA or organic solvents to assist in peptide solubilisation could help to
reduce such losses, but was not carried out here since maintaining identical conditions
to those in the parallel non-esterified study was desirable for direct comparison of the
data.

Quantitation was carried out as in previous experiments, normalising the

Cerenkov counts in each fraction according to the total counts in the initial load of
radiolabelled phosphopeptide.
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Figure 5.3.6: Cerenkov counting to quantify phosphopeptide fractionation by
IMAC: Comparison of native phosphopeptide fractionation with that following
methyl estérification
Data from 5.2.2 are here compared to the fractionation o f ^^P-labelied phosphopeptides following
methyl estérification. Casein and casein methyl ester (M e-casein), histone HI (H I) and its methyl ester
(M e-H I), GST-p27 (p27 ) and its methyl ester (M e-p27) and GST-retinoblastoma protein (Rb) and its
methyl ester (Me-Rb) were compared in this experiment. The same solvent systems investigated in
Section 5.2 were also applied in these experiments; the mobile phase compositions for the
loading/wash steps are as in the key in panel A. As in Figures 5.2.3 and 5.2.5, in a separate experiment
carried out by K. Bamouin, insufficient counts o f GST-Rb were available to be able to perform IMAC
separation with all three mobile phase compositions, therefore only 100 niM acetic acid and 40% HFIP
were compared. In all cases the counts are expressed as a percentage o f the total loaded counts applied
to the IMAC beads at the start o f the experiment.
A: % Total counts in supernatant above IMAC beads following 30 min incubation in 100 pL o f the
described solvent system
B: % Total counts retained upon IMAC beads post-incubation
C: % Total counts in pooled wash fraction (3x 50 pL o f the loading solvent system)
D: % Total counts retained upon IMAC beads following washing
E: % Total counts eluted from beads in 2x 20 pL 100 mM ammonium phosphate
F: % Total counts retained upon IMAC beads following elution.
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The results of the radiolabelled phosphopeptide IMAC binding experiments showed
similar retention profiles for substrates regardless of estérification. This meant that no
additional phosphopeptides were likely to be retained during these experiments, and
indicated that competition for binding sites upon IMAC resin is not the major limiting
factor in IMAC retention. However, reduction of acidic non-phosphorylated peptide
binding to the resin (which was observed to be concomitant with estérification in
Figure 5.3.5) would be expected to remove the inhibitory effect of such peptides upon
phosphopeptide ionisation during MALDI-MS analysis. This would potentially allow
enhanced mass spectrometric detection of phosphopeptides following IMAC
separation with a prior estérification step.

Low-affinity IMAC-binding phosphopeptides (HI, p27, and in particular Rb) were
somewhat more highly retained following the elution step where estérification had
been carried out; this effect was more significant in the cases where HFIP had been
used during binding and wash steps, where ~5% more counts were observed upon the
beads following elution with peptide methyl esters than with native peptides (Figure
5.3.6 F).

This may have been due to an effect of HFIP in increasing initial

phosphopeptide affinity for IMAC resin by the removal of steric hindrance to
phosphopeptide binding, as previously discussed. This reduced hindrance allowed
more facile binding of phosphopeptides to IMAC resin, but may also have reduced the
recovery of the retained phosphopeptide fraction. The reasons for this are somewhat
unclear, but could be caused by a the adhered phosphopeptide adopting conformation
which causes steric hindrance for access of phosphate, and consequently prevented
the phosphate from competing the peptide away from the immobilised Fe(III)
chelation sphere. Further elution steps or a water wash between wash and elution
could reduce this effect, or the use of the alternatives to elution (CIP treatment or pelimination with or without Michael Addition, discussed in Section 5.2) could
circumvent the problem of poor recovery. The parallel ‘cold’ experiments on non
radiolabelled proteins were essential to evaluate the effects of estérification upon the
ease with which phosphorylated peptides were observed by mass spectrometry
following IMAC separation.
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5.3.4 IMAC separation of peptide methyl esters from non-radiolabelled
phosphoprotein digests and analysis by mass spectrometry

Non-radiolabelled, phosphorylated peptides from identical samples to those used in
the radiolabelling experiments were esterified using H C I mcoh- esterified products were
analysed using the Ultraflex™ prior to IMAC.

IMAC experiments were than

performed, collecting and lyophilising all fractions.

Although all fractions were

analysed by MALDI, only the eluted fractions will be discussed here.

MALDI analysis of the eluted IMAC fractions of esterified digests of casein and p27
revealed results which broadly concurred with those seen in the radiolabelling
experiment (Figures 5.3.7-8).

More ions corresponding to the masses of

phosphopeptides with higher signal-to-noise ratios were observed where HFIP was
used during binding and wash steps than for acetic acid, and the experiments
performed using water showed intermediate results between those of HFIP and acetic
acid, with increased phosphopeptide intensity but also higher non-specific
interactions. Observed phosphopeptide signal intensities in methyl-GST-p27 eluted
fractions were much lower in these experiments than in the data from unesterified
digests. This is possibly because of the increased phosphopeptide retention observed
upon the beads after elution, particularly in the case of HFIP-treated p27 IMAC
fractions.
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Figure 5.3.7: MALDI-MS analysis of the IMAC eluted fraction from a-casein
tryptic digest
Peptide methyl esters were prepared as in previous experiments using in vitro phosphorylated casein,
and were subjected to IMAC, carrying out binding and wash steps in 100 mM acetic acid (A), 40%
HFIP (B) or water (C). The eluted fractions derived from IMAC-separated protein digests were then
spotted (0.5 pL) with 2,5-DHB (0.5 pL), and analysed by MALDI-MS using the Ultraflex. Eluted
fractions were additionally spotted using HCCA for MALDI-PSD/LIFT analysis (data not shown).
Peak annotation is as in Table 5.3.2.
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Table 5.3.2: Peak annotation of labeled ion masses from casein peptides
observed by MALDI following IlMAC separation of phosphorylated casein
peptide methyl esters
Peak label Theoretical

equence

a-casein SI Residues
or 82

8

m/z

M odifications M obile
phase

N3

1393.74

81

95-105

H1QKEDVP8ER

4

P2'

1494.64

82

153-164

T V D M E 8 T EV FTK

IPO 4 2 CH 3

Pi'
P3
P4

1515.69

82

141-151

EQ L 8 T 8 E EN 8 KK

IPO 4 3 CH 3

HFW a

1650.77

82

153-165

T V D M E 8 TEV FTK K

IP O 4 4 CH 3

HFW a

1716.86

81

121-134

VPQLE1VPN8AEER

IP O 4 4 CH 3

Ac HF W a

P5

2008.02

81

119-134

Y KVPQLE1VPN8AEER

IPO 4 4 CH 3

Ac HF W a

CH 3

detected'
HF W a
HFW a

Notes: ' M obile phases are abbreviated to A c (100 mM acetic acid), HF (40% HFIP) and Wa (HPLCgrade water). ^N 3, P, and P 2 are in non-mass order to maintain consistency w ith peak labels in Figure
5.2.6

In the case of a-casein tryptic digests, phosphopeptide detection of peptide methyl
esters was significantly reduced in comparison to that of native digests where acetic
acid was used during binding and wash steps. Phosphorylated peptides P 1-P5 were
observed in non-esterified digests where acetic acid was used during the binding step
(See Figure 5.2.6 A). Following estérification, only P4 and P 5 were observed (Figure
5.3.7 A). This is contradictory to the radiolabelling results, which do not indicate a
significant alteration in phosphopeptide affinity following methyl estérification,
although the radiolabelling data cannot indicate which phosphopeptides are
responsible for the counts in individual IMAC fractions.

In water and HFIP phosphopeptide observation following estérification is more
consistent with the results seen in Figure 5.2.6. P 1-P5 are observed both prior to and
following methyl estérification (compare Figure 5.2.6 B, C with Figure 5.3.7 B, C).
Additionally, following estérification, significantly reduced non-specific binding was
observed where either HFIP or water was used during binding and wash steps, with
fewer non-specifically-binding peptides at lower signal intensity. However, lower
signal -to-noise ratios phosphopeptide ion signals (Pi-Ps) were observed, and higher
numbers of low-mass peaks were present in comparison with the data from IMAC
upon native digests (See Figures 5.2.6, 5.3.7).

A possible explanation for the

increase in number and intensity of low-mass peaks may be that the harsh
estérification conditions (1.85N HCl in methanol) could have induced plasticizer
release from the polypropylene Eppendorf tubes used during the estérification. A
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future step to ensure that this is not the case using glass vials during the estérification
reaction may be advisable.
In the experiments using p27 methyl ester separation by IMAC, the levels of non
specific binding observed were reduced following estérification (compare Figure
5.2.6 A with 5.3.8 A). However, the levels of phosphopeptides observed were also
very low following estérification and IMAC. The phosphopeptide

?2

was observed

only where HFIP and water were used during binding and wash steps, consistent with
the observed increase in intensity from the ^^P-labelling studies, but the signal
intensity for this peptide was extremely low.

Additionally, the putative

phosphopeptide P] which was observed following IMAC separation using HFIP as
mobile phase (Figure 5.2.6 B) was not observed at all in MALDI spectra following
methyl estérification and IMAC separation (Figure 5.3.8).

Although some of the

observed low signal intensity can be attributed to the relatively low affinity of p27
phosphopeptides observed in the radiolabelling experiments (see Figure 5.3.6), the
high levels of binding of non-phosphorylated peptides to the IMAC resin are difficult
to explain, particularly since in several cases (Ng-Ne), peptides were completely
esterified and did not contain multiple aromatic residues. Loss of peptides during the
estérification process may additionally be responsible for some of the poor
phosphopeptide signal.

Table 5.2.3: Peak annotation of labelled ion masses from peptides observed by
MALDI following IMAC separation of phosphorylated GST-p27 peptide methyl
esters
Peak label T heoretical

p27 or GST Residues

Sequence

M odifications M obile
phase

1404.63

GST

146-156

D HVTHPDFM LY

Mo, IC H 3

1596.75

p27

275-286

D M EEASQRKW NF

4

CH 3

1653.79

GST

157-170

DALDW LYM DPM CL

4

CH 3

H FW a

1850.96

GST

332-350

DVSGSRPAAPLIG APANSE

3

CH 3

A c HF W a

2 1 2 1 .0 2

p27

382-399

D D SSTQ NKRANRTEENVS

5

CH 3

H FW a

2521.36

p27

400-422

DGSPNAFSVEQ TPKKPGLRRRQT

3

CH 3

H FW a

2601.33

p27

400-422

DGSPNAFSVEQ TPKKPGLRRRQT

3

CH 3 IPO 4

H FW a

m/z

Ni
N2
N3
N4
Ns
Nfi
P2

detected’
HFW a
H FW a

Notes; ' M obile phases are abbreviated to A c (100 mM acetic acid), HF (40% HFIP) and W a (HPLCgrade water).
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Figure 5.3.8: MALDI-MS analysis of IMAC eluted fraction of GST-p27 Asp-N
digest
Peptide methyl esters o f the in vitro phosphorylated GST-p27 Asp-N digests were prepared as in
previous figures, and were subjected to IMAC separation, using either 100 mM acetic acid (A) 40%
HFIP (B) or water (C) during binding and was steps. The eluted fractions derived from IMACseparated protein digests were then spotted (0.5 pL) with 2,5-DHB (0.5 pL), and analysed by MALDIMS using the Ultraflex. Eluted fractions were additionally spotted using HCCA for analysis by
MALDI-PSD/LIFT (data not shown). Peak annotation as in Table 5.2.3

It appears from this non-radiolabelled study o f phosphopeptide binding to IMAC
resins that IMAC binding o f phosphopeptides is decreased in affinity by estérification,
this is contrary to the results o f the experiments found using ^^P-labelled analytes.
Additionally, the signal intensity o f phosphopeptides and increased low-mass noise
also result from the estérification process. Steps to reduce losses concomitant with
the methyl estérification (such as the use o f glass vials for the estérification and
resolubilisation o f phosphopeptides in organic solvents such as HFIP) may help to
improve

the

mass

spectrometric

observation

of

phosphopeptides

following

estérification and IMAC by reducing the adsorption o f peptides to tube walls and
release o f plasticizers. Alternatively, an additional HPLC step could remove the non
peptide components which cause reduced ionisation and hence allow increased
phosphopeptide signal to be detected; such steps would also further increase the
phosphopeptide separation gained by using the IMAC chromatographic step.
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5.4 Conclusions from affinity binding studies and methyl estérification
The use of radiolabelled substrates in IMAC separation studies allowed quantitative
analysis of the binding o f phosphorylated peptides to IMAC resins to be carried out.
Furthermore, qualitative analysis of the binding seen in the radiolabelling study was
achieved through parallel studies using non-radiolabelled kinase assay substrates and
mass spectrometric analysis. Taken together, these data show a clear preference of
IMAC beads to bind phosphorylated peptides containing multiple acidic residues in
comparison to those containing other residues, as illustrated by the disparity in the
binding efficiency of a-casein phosphopeptides when compared to the other proteins
examined (HI, GST-p27, GST-Rb) in the radiolabelling study (Figures 5.2.3, 5.2.5).

In these studies, an improved binding of ^^P-labelled phosphopeptides to IMAC resins
was achieved by the novel inclusion of the fiuoroalcohol HFIP during the binding and
wash steps, and improved phosphopeptide ion signals were found in parallel studies
which involved the analysis of non-radiolabelled peptides by mass spectrometry
(Figures 5.2.6-7).

The use of this altered binding step did appear to have some

negative influence upon phosphopeptide elution, since a small increase in the
phosphopeptide counts which were retained following elution was observed (Figure
5.3.6, which may require a more stringent elution disrupt the increased-affinity
interaction between the phosphopeptide and the immobilised metal ion. Acetic acid
was identified as a poor binding solvent for phosphopeptide isolation by Fe(III)-NTA
IMAC, this was hypothesised to be caused by competition of acetic acid molecules
with weakly-interacting phosphopeptides for IMAC binding sites.

A second

hypothesis of poor interaction of some phosphopeptides due to the formation of
unfavourable secondary structural conformations which have a negative influence
upon the interaction of the phosphate group with the Fe(III)-NTA complex was
additionally supported by this data. HFIP could therefore promote phosphopeptide
binding to the IMAC resin by firstly disrupting secondary structural interactions
within the peptide which block phosphate interaction with the resin, and secondly by
replacing the acetic acid solvent phase with the HFIP, which is acidic but does not
contain carboxyl groups and therefore cannot associate strongly with the metal ion.
Therefore the use of acetic acid should be avoided henceforth in order to gain
increased phosphopeptide ion signal from weakly-interacting phosphorylated
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peptides. In spite of the acidic nature of the HFIP molecule, and its consequent action
in protonating acidic peptide side-chains, IMAC eluted fractions from binding/wash
steps carried out in 40% HFIP were still found to contain unphosphorylated, acidic
residue-rich peptides as determined by mass spectrometry. As result, the presence of
acidic non-phosphorylated peptides reduces the selectivity and separation power of
the chromatographic purification, reducing the efficiency of downstream analyses by
mass spectrometry due to the suppression of phosphopeptide ionisation in the
presence of non-phosphorylated peptides. Methyl estérification is therefore proposed
as an alternative method to reduce this non-specific binding, the inclusion of which
does not alter the improved phosphopeptide binding observed in 40% HFIP (Figure
5.3.6).

The protocol of Ficarro et al. (Ficarro, 2002b) proposes derivatisation of acidic
peptide residue sidechains by conversion to their corresponding methyl esters as a
means to remove the interaction of acidic groups with IMAC resins. This method was
investigated as a means to improve the specificity of the amended IMAC protocol.
The inclusion of such a derivatisation procedure prior to IMAC was expected to
remove both competition between phosphopeptide and stationary phase and abrogate
signal suppression caused by co-elution of pseudo-specifically-retained acidic nonphosphopeptides with the specifically retained phosphopeptides.

Conditions for the estérification reaction were investigated, illustrating the importance
of the use of a water-free environment during derivatisation, and the problem of side
product formatrion during the methyl estérification by acid-catalysed formation of
peptide methyl esters upon basic sidechains of Asn and Gin residues. The process of
formation of this side product was particularly prominent where longer timecourse or
repetitive derivatisation is carried out, and its importance lies in the fact that
estérification does not proceed to completion after a single 2 h modification (Ficarro,
2002b).

A subsequently revised protocol featuring a two-step estérification has

recently been published by Ficarro et al. (Ficarro, 2002a). However, under repetitive
estérification conditions, observation of conversion of Gin and Asn to peptide methyl
esters begins to become significant (-5% of signal as observed by MALDI), and if
phosphorylated peptides contain these residues, the signal intensity upon peptides of
interest will be reduced by this modification. For phosphopeptides which occur at a
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low-stoichiometry, such loss could prove significant, and erroneously-modified
peptides would be likely to remain unidentified. This is a setback which is clearly in
need of resolution, although developing a method to control the reaction conditions to
minimise this undesirable side-product formation whilst at the same time maximising
the yield o f the methyl esters is clearly problematic. Additionally, pilot experiments
where esterified digests were exposed to basic conditions (100 mM barium hydroxide
or 25 mM AmBic) additionally showed that the peptide methyl esters were inherently
unstable under basic conditions, resulting in hydrolysis to their underivatised
isoforms, as observed by mass spectrometry.

The procedure of peptide derivatisation by formation of methyl esters appears to
exert some positive influence by reduction of unphosphorylated peptide signal in
eluted IMAC fractions (Figure 5.3.7), but is unable to completely abrogate the
interaction of non-specifically bound non-phosphorylated peptides (Figures 5.3.7-8).
In the absence of acidic peptides, peptides containing aromatic amino acids, in
particular tyrosine and phenylalanine residues, were seen to interact with the resin.
Furthermore, little or no increase in phosphopeptide retention was seen in the
labelling studies where peptide methyl estérification was performed. During
procedures for IMAC separation of phosphopeptides and subsequent mass
spectrometric analysis o f the eluted fi*action, lower phosphopeptide signal intensity
was observed following methyl estérification than that in underivatised IMAC eluted
fractions (compare Figures 5.2.7 with 5.3.7 and 5.2.8 with 5.3.8). Conversely, the
retention data indicated that no significant difference in phosphopeptide retention
occurred as a result of the estérification reaction. This disparity may be as a result of
the non-linear response of MALDI to sample concentration, which is more
pronounced with respect to phosphorylated analytes, as well as the influence of
sample composition and contamination upon the ease with which peptide ion signals
are obtained. In the experiments of Ficarro et al., an additional HPLC step was used
between IMAC and mass spectrometric detection (in the published case by ESIQTOF-MS) of IMAC-eluted peptides (Ficarro, 2002b; Ficarro, 2002a), which allowed
the identification of multiple phosphopeptides from yeast cell lysates and sperm cell
lysate tryptic digests to be performed. The use of an additional separation step will
increase the resolution of the separation further, although this could also increase
sample losses.

Additionally, the use of MALDI allows more facile analysis of
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samples due to the low sample consumption and consequent ability to re-analyse a
MALDI sample without use of additional sample makes it a useful tool for directed
analysis o f particular peptide modification, whereas, in spite of the increased
resolution afforded by LC-ESI-MS/MS analysis, re-analysis requires further sample
consumption.

Comparison of the quantitative data obtained from IMAC retention of radiolabelled
peptide methyl esters to of native radiolabelled peptides also indicates that the major
limiting factor in the retention of phosphorylated peptides by IMAC is related to
phosphopeptide affinity rather than by competition for binding sites.

Reiterative

IMAC steps, and removal of the acidic competing phosphopeptide fraction for
binding sites do not significantly increase the affinity of labelled phosphopeptides for
the IMAC resin. Removal of inhibitory secondary structural interactions by the use of
secondary structure-influencing agents such as HFIP is therefore an effective means
to increase the possible yield of phosphorylated peptide from the experiment. Other
inducers of preferential structural conformation such as trifluoroethanol (which has
been used as an HPLC solvent) or other fluoroalcohols (Hirota, 1997) could further
improve the phosphopeptide retention profile for weakly-interacting phosphoproteinderived phosphopeptides, such as those from p27, Rb and histone HI. The use of
alternative immobilised metal ions upon the stationary phase could also provide a
means for increased retention of phosphorylated peptides.

The use of HFIP and methyl estérification have been individually shown to improve
the affinity and selectivity of the IMAC process respectively.

The experiments

combining the use of HFIP with estérification steps showed an improvement in the
quality of data achieved in comparison to the use of acetic acid.

Phosphopeptide binding to IMAC resins has been quantitated under standard
conditions and the application of a novel solvent system, 40% HFIP, to the separation
of phosphorylated peptides by IMAC has been shown to increase the binding affinity
of phosphopeptides which had previously shown low affinity for IMAC beads,
allowing significantly more counts to be retained and eluted. Compatibility of the
HFIP solvent system with downstream analysis by mass spectrometry has been
demonstrated, and integration of methyl estérification to increase the selectivity of
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IMAC has been achieved. Estérification has been shown not to adversely affect the
affinity of phosphopeptides for the resin. Taken together, these results promise an
improved protocol for the isolation and identification of phosphorylated peptides.
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6.1 Findings from the analysis o f protein phosphorylation sites using
IMAC and mass spectrometry
Phosphorylation site analysis by mass spectrometry is a field of much interest, and
consequently the rate of publication is growing rapidly. The number of publications
in the field of phosphoproteomics now stands at 30-40 per year, which is a four-fold
increase upon the number published five years ago*, and the number of
phosphorylation sites identified using mass spectrometric methods per year is
consequently growing rapidly (Kalume, 2003; Miller, 2002; Wind, 2002; Zhu, 2001).
This increasing use of mass spectrometry in phosphorylation site analysis is largely a
result of the improved availability, reliability and sensitivity of instrumentation, as
well as the discovery and publication of methods which have made phosphopeptides
amenable to mass spectrometric analyses (Goshe, 2001; Kalume, 2003; Mann, 2002;
Pandey, 2000; Posewitz, 1999; Steen, 2002a; Stensballe, 2000). However, although
low femtomole sensitivities in phosphorylation site analyses are reported (Carr, 1996;
Ma, 2001), the routine use of mass spectrometric analysis methods for the analysis of
phosphorylated proteins is far from established at the femtomole levels achieved with
relative ease in standard proteome analyses.

This gulf in the utility of mass

spectrometric methods is caused by various, unresolved, inherent properties of the
phosphorylated peptides, which include poor phosphopeptide ionisation, phosphate
lability and low stoichiometry modification (Kalume, 2003; Mann, 2002; Sickmann,
2001), which have been discussed in detail in Chapter 1. One promising method
employed to overcome some o f the problems in the analysis of protein
phosphorylation is immobilised metal ion affinity chromatography (IMAC), which
relies upon the relatively specific interaction between phosphate and Fe(III) ions
chelated to a stationary phase resin.

IMAC has formed the focus for the work

described in this thesis. Within this work IMAC has been investigated as an approach
to selective isolation of phosphorylated peptides, allowing relative enrichment of the

Entrez searching using the NCBI PubMed service (www.ncbi.nlm.nih.gov/Entrezl with Boolean
search terms: phosphopeptide mass spectrometry
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phosphopeptides from the pool of non-phosphorylated peptides and consequent
elimination of the signal suppression effects caused by these non-phosphorylated
peptides, which are present in enzymatic digests of phosphoproteins. Thus the work
presented in Chapters 3 and 4 demonstrate that improvements in IMAC can overcome
some of the shortcomings of phosphopeptide analysis by mass spectrometry
associated with low ionisation efficiency and the analysis of low stoichiometry
phosphorylation events.

The initial method development work presented in Chapter 3 was designed to
establish a protocol for IMAC separation which was compatible with subsequent mass
spectrometric detection of phosphorylated peptides. This section of work described
the identification of the optimal type of IMAC bead and metal ion system which was
selected from those which are currently known to have utility in the separation of
phosphorylated peptides with some degree of specificity (Bemos, 1997; Muszynska,
1992; Posewitz, 1999). The combination of Fe(III) and the NT A ligand produced the
most reproducible and effective separation of phosphorylated peptides. Conditions
for elution of phosphorylated peptides were subsequently investigated, and a novel
property for the MALDI matrix molecule 2,5-DHB as an IMAC eluent with
specificity for monophosphorylated peptides was identified.

Insight into the

mechanism by which phosphopeptide elution occurs was gained from these elution
studies, and the current study demonstrated that phosphopeptides elute from IMAC
resins largely as a consequence of their competition for chelation of the metal ion in
the face of increasing concentrations of phosphate or other chelating ligands, which
leads to displacement of the phosphorylated peptide, and not by a non-specific effect
by increasing pH.

Method development work was carried out using the

hyperphosphorylated milk protein a-casein. Subsequently, the developed method was
successfully applied to the analysis of the cell signalling protein p70 S6 kinase-a,
showing that a phosphorylated peptide was observed in tryptic digests following
IMAC treatment. At the conclusion of this method development stage, a protocol
which was capable of separating phosphorylated peptides from protein enzymatic
digests whilst maintaining mass spectrometric compatibility was proposed and
published (Hart, 2002).
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Consequently, the method which had been developed from the results presented in
Chapter 3 was applied to the analysis of phosphorylation of proteins which are
intimately involved in cell signalling and the control of various cellular processes in
response to extracellular stimuli (presented in Chapter 4). This work was performed
by collaboration with specialist laboratories within the LICR, UCL and the ICR, who
provided samples for phosphorylation site determination by IMAC.

In the first

application of the developed technique (Section 4.1), a constitutively modified, novel
site of phosphorylation of GSK-3j8 was determined.

The peptide ion which

corresponded to this phosphorylation site was completely absent from mass spectra of
the untreated digest, therefore underlining the ability of IMAC to select
phosphopeptides

and

enable

improved

mass

spectrometric

detection

of

phosphopeptides. The mass spectrometric analysis of eukaryotic initiation factor 4E
binding protein 4E-BP1 (Section 4.2) also showed successful phosphopeptide
isolation by

IMAC.

Peptides

corresponding to multiple known 4E-BP1

phosphorylation sites were observed in mass spectra following IMAC treatment.
However, high levels of binding of acidic peptides were also observed in the eluted
IMAC fractions, and in one case where phosphorylation was believed to have taken
place no ion signals were detected which corresponded to phosphorylated peptide
masses in the mass spectra following IMAC. Lastly, in the analysis of RhoE (Section
4.3), IMAC treatment could only provide extremely tentative assignments of
phosphorylated regions, as extremely low signal intensity of putative phosphopeptides
was seen in mass spectra following IMAC.

Consequently much further study is

required to verify the existence of these putative phosphorylation sites. Therefore the
developed IMAC method, although successful in some significant applications, did
not appear to be universally applicable to the analysis of all protein phosphorylation
sites, and a degree of specificity in the IMAC phosphopeptide retention was
postulated to induce this variability.

In order to determine the principal causes of the apparent lack of IMAC retention or
elution of phosphorylated peptides observed in the analyses described above,
quantitative assessment of the IMAC protocol was carried out using ^^P-labelling of
proteins and analysis of the consequent radiolabelled phosphopeptides using IMAC.
This study confirmed the hypothesis that a range of affinities of phosphopeptide
binding to IMAC resins existed, as some substrates showed higher affinity for the
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IMAC beads than others. For instance, 90% of ^^P-labelled a-casein peptides were
retained under standard conditions, in comparison to -20% of p27 peptides. The
selective retention of phosphopeptides was improved by the novel application of the
fiuoroalcohol HFIP, which enhanced the detection of phosphopeptides following
IMAC in comparison to the standard protocol. A possible role for acetic acid in
inhibition of the binding of more weakly-interacting phosphopeptides by interaction
with the metal chelated was identified by this study.

The final section of experimental work in this thesis (Section 5.3) describes an
investigation into the application of methyl estérification as a method to improve the
selectivity of IMAC for phosphorylated peptides by abrogation of the interaction of
acidic peptides with the immobilised metal (Ficarro, 2002b).

Investigation of the

conditions for peptide methyl estérification within this study identified some
previously unreported pitfalls associated with the use of this technique in combination
with IMAC. This work demonstrated that abrogation of acidic peptide binding to
IMAC resins is achieved following estérification with a high rate of success by
conversion of these groups to their methyl esters, however, other non-specific binding
may begin to be more significant following removal of the acidic group interactions
with the IMAC resin.

Esterified, acidic peptides were still detected in the eluted

IMAC fractions in some cases, mainly due to incomplete estérification. In addition,
other interactions of peptides containing tyrosine and phenylalanine residues with
IMAC resins were tentatively identified as contributing to IMAC binding in cases
where estérification had taken place. This was consistent with the results of some
previous studies which had indicated that aromatic amino acids could act as binding
determinants for IMAC (Bemos, 1997; Muszynska, 1992).

Significantly, the

formation of peptide methyl esters had little influence upon the affinity of
radiolabelled phosphorylated peptides for IMAC resins. This finding indicates that
the

suppressive

influence

of

co-eluting

unphosphorylated

peptides

upon

phosphopeptide ionisation is largely responsible for low phosphopeptide signal in
cases where acidic peptides bind to IMAC resins, rather than any competing effect of
phosphopeptides competing poorly for binding sites upon the metal chelates. The
methyl estérification reactions were found to yield additional side products at Asn and
Gin side chains, particularly where long reaction times or iterative derivatisation were

242

Chapter 6: Conclusions and future directions
used to overcome the incomplete estérification observed under the initial published
conditions (Ficarro, 2002b; Ficarro, 2002a). This study underlines that estérification
conditions do therefore appear to merit further investigation and optimisation in order
to maximise yields and reduce the formation of side-products, so that all peptides are
esterified to an equal degree, avoiding splitting peptide signal between multiple peaks.
The improved loading conditions given by the use of the fiuoroalcohol HFIP during
binding steps also leads to an increase in the binding efficiency of phosphorylated
methyl esterified peptides. Thus a procedure for the improvement of both the affinity
and the selectivity of phosphopeptide isolation fi’om enzymatic digests by IMAC is
proposed by this study.

The work presented in this thesis has established a deeper understanding of the
binding interactions which occur in IMAC and directly influence the success or
failure of phosphopeptide analysis by these methods. Integration of the protocol of
Ficarro et al. (Ficarro, 2002b; Ficarro, 2002a) into the established and improved
IMAC protocol should, once thoroughly optimised, allow more facile identification of
phosphorylation sites.

6.2 Limitations and future directions o f IM AC fo r phosphorylation site
analysis
Although the methods used for the analysis of phosphorylation sites have progressed
rapidly in the last few years, many of the published papers rely heavily upon the use
of standard proteins (as is commonly the case in method development studies in mass
spectrometry), and in particular on the use of the hyperphosphorylated casein proteins
found in milk. Both a and jS-casein share the properties of being extremely acidic as
well as highly phosphorylated, which probably assist in their biological properties for
buffering calcium ions in milk, and are responsible for the ability of casein
phosphopeptides to alter the absorption of dietary Fe(III) (Bouhallab, 2002).

The

hyperphosphorylation and total stoichiometry of modification for several of the casein
phosphorylation sites undoubtedly contribute to the relatively facile observation of
phosphorylated peptides and the ability to localise phosphorylated residues in this
protein, meaning that during the method development stages of protocols these
proteins are a natural choice for method optimisation strategies. In the particular case
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of IMAC, which can additionally retain acidic residue-containing peptides, this means
that peptides derived from such proteins show extremely high retention upon IMAC
beads.

Casein proteins are therefore atypically high-affinity analytes for

phosphorylation site analysis. A wider array of phosphorylated proteins, such as that
used in Chapters 4 and 5, or a library of synthetic peptides should therefore be
compared during further method optimisation work.

Within this thesis, experiments have demonstrated that the application of the methods
of Ficarro et al. for phosphoproteomic analysis via the addition of a peptide methyl
estérification step in the preparation of digests for IMAC (Ficarro, 2002b; Ficarro,
2002a) improved the selectivity of the IMAC process for phosphopeptide enrichment
by removal of many acidic peptides from the eluted fraction.

However, the

estérification protocol resulted in some solubility problems for esterified peptides,
which still need to be addressed. The formation of a mixture of products and side
reactions may prove problematic when analysing low-stoichiometry phosphorylation
events. Further refinement of these derivatisation protocols in order to maximise the
yields of the desired esterified product are therefore merited.

As IMAC is ideally suited to the analysis of acidic phosphopeptides, one application
in phosphorylation site analysis for which IMAC may be particularly well-suited is in
the isolation of phosphopeptides and identification of phosphorylation sites for the
pleiotropic kinase CK2, which targets consensus motifs containing negatively charged
sidechains at positions n±l-3 to the phosphate-accepting residue (Kalume, 2003;
Meggio, 2003). As this kinase has so many known in vitro and in vivo substrates
(>300 are currently known, (Meggio, 2003)), substrates of this kinase are likely to
represent a substantial proportion of the phosphoproteome.

Recent work carried out by Andrew Thompson within the Bioanalytical Chemistry
group at LICR has led to an extension of the IMAC protocol to include the use of an
on-resin p-elimination/Michael Addition step following phosphopeptide retention
upon IMAC beads (Thompson, 2003).

This protocol allows the derivatisation of

phosphorylated peptides to their corresponding Michael adducts, thus removing the
lability o f the phosphate moiety and improving the ease with which phosphorylated
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peptides can be detected and sequenced by PSD/LIFT in the mass spectrometer. This
on-bead derivatisation in combination with an improved pre-selection step which
involves inclusion of HFIP during incubation and wash steps to aid phosphopeptide
retention upon IMAC resin described here, are expected to give an effective method
for phosphopeptide preparation for detection and sequencing by mass spectrometry.

6 3 Perspective: Where do we Stand with Phosphoproteome Analysis at
the Start o f the 21st Century?
The huge advances in analytical biochemistry which have taken place over the last 30
years, and in particular in protein chemistry during the last 15 years, mean that a new
age of understanding of the function of protein phosphorylation in modulating the
properties of protein function is dawning. We now have tools available which are
potentially capable of pinpointing phosphorylation sites from femtomole amounts of
protein, as well as methods for the structural analysis of proteins and for the analysis
of protein-protein interactions in order to gain further insight into the functional
implications of phosphorylation sites (Hardie, 1999a; Kalume, 2003; Mann, 2002).

Phosphoproteome analyses are capable of generating extremely large lists of
phosphorylation sites upon multitudinous proteins (Ficarro, 2002b; Ficarro, 2002a),
but without any functional analysis these data cannot give much insight into the role
of phosphorylation events in defining and altering protein function. Although global
phosphoproteome analyses are currently under examination in several laboratories,
lists of phosphorylation sites without quantitative or differential analysis of the
alterations in phosphorylation patterns or levels cannot explain the dynamic process
of cell signalling.

The alterations in phosphorylation site patterns causing

concomitant alterations in protein functional properties are more important than
simple identification of phosphorylation sites. The use of stable isotope labelling to
measure quantitative changes in phosphorylation is therefore likely to become an
increasing part of phosphorylation-directed proteomic studies. An ultimate goal of
phosphorylation site analysis is to understand the influence of protein phosphorylation
as part of the global alterations which influence cellular processes, and to aid our
understanding of how alterations in these cellular processes can promote disease
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states. Methods for including a quantitative step in phosphoproteomic studies have
been published (Goshe, 2001), but have yet to find widespread utility, probably
because the chemistries involved are not fully optimised, which, combined with the
requirements for desalting and purification steps, would reduce the yields anticipated
for such a multi-step procedure. Methods for incorporating a stable isotope tag or
differential mass adduct into simple derivatisation steps are therefore still under
scrutiny by many groups. Relative quantitation of post-translational modification at
the protein level can be carried out using 2DE or the difference gel electrophoresis
(DICE) methods (Fey, 2001; Gharbi, 2002; Haystead, 1999), which can provide some
indication of the stoichiometry of modification, although post-staining of the
differentially expressed proteins and identification by mass spectrometry must be
performed. Such methods show promise for the identification of alterations in protein
expression levels and of post-translational modification.

Global phosphoproteome studies are, like other proteomic experiments, likely to
prove ultimately limited by the presence of certain high-copy-number proteins with
high phosphorylation stoichiometry, as a consequence such proteins will limit the
achievable dynamic range of detection.

Directed phosphoproteomics, where

particular pathways or proteins which interact with certain kinases are studied in
detail, is far more likely to yield biologically-relevant and interesting results than
global phosphoproteomic studies (Astoul, 2003; Blagoev, 2003; Gronborg, 2002;
Pandey, 2002). Although identification of novel phosphorylation sites is an important
aspect of modem phosphoproteomic studies, the process of linking phosphorylation
sites to their kinases and the conditions under which these substrates typically become
phosphorylated is clearly of vital importance (Cohen, 2000; Cohen, 2002a; Hunter,
1998).

Systems biology is now attempting to develop methods to analyse the

connections between different proteins and integrate the results of experimental
analysis of signalling pathways to produce a global picture of the influence of cell
signalling, which is an extremely large but vital task for our improved understanding
of the role of signalling processes in health and disease (Ashman, 2001; Gilman,
2002; Kitano, 2002)

Reliability of the tools of phosphorylation site analysis may also be a problem; not all
phosphorylation sites are equally amenable to identification using current methods.
246

Chapter 6: Conclusions and future directions
For a convincing identification of a protein from typical proteomic analyses, only one
or two peptides sequenced by MS/MS which correspond to a particular gene product
and match using automated searching of uninterpreted MS/MS data is generally
considered to be a significant ‘hit’ (Cramer, 2003). However, in order to identify a
protein product and to map the regions containing phosphorylation sites, either much
higher sequence coverage or a selective enrichment protocol is required. There is
therefore a difference between the instrument sensitivity required to identify proteins
from standard proteomic studies and that required to identify the phosphorylation sites
in a protein of biological interest. If the phosphorylation sites of a specific protein
under a particular set of cellular conditions are of interest, it remains likely that one
will need to carry out a directed approach for their analysis.

Sub-stoichiometric

phosphorylation and low ionisation efficiency will add to this problem, therefore
selective enrichment strategies are a highly desirable goal.

Correlation of phosphorylation sites to enzymatic activity, either by mutation of the
relevant residues or by following phosphorylation using phosphorylation-specific
antibodies, is vital to gain an insight into the role of specific phosphorylation sites into

the functional regulation of protein activity. Annotation of the sequence databases to
allow increased understanding of the types of motifs phosphorylated under specific
conditions is also important; currently very few proteins in the sequence databases list
any phosphorylation site data.

This is a very exciting time in protein phosphorylation analysis, where discoveries are
rapidly being made, technological and methological developments will be the most
important factors in the further identification of phosphorylation site alterations which
are involved in the aetiology of disease. Annotation of the sequence databases to
include information gained from analyses of phosphorylation sites and other posttranslational modifications is an essential aspect of systems biology which is currently
somewhat overlooked. In order to leam which sites have been phosphorylated upon a
protein of interest under various cellular circumstances one must typically carry out
detailed literature searching, which is time-consuming, and would not be effective for
the researcher carrying out proteome-wide analyses of pattens of protein
phosphorylation. Some effort has been made with the introduction of phosphorylation
site prediction algorithms, such as NetPhos, which uses neural networks to predict
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phosphorylation sites (http://www.cbs.dtu.dk/services/NetPhos/) (Blom, 1999) and
Scansite, which uses matrices of consensus phosphorylation sites to predict possible
phosphorylation sites and phosphate-binding motifs (http://scansite.mit.edu/) (Yaffe,
2001).

Although these tools are useful for the detection of consensus motifs for

phosphorylation occurring within particular targets of interest, extension of the
current tools is required to fully integrate the biology, biochemistry and
bioinformatics of phosphorylation site analysis.

Without a concerted effort to

integrate the findings of phosphorylation site analyses, much work could easily be
unnecessarily repeated.

A systems biology approach is an essential aspect of

proteomics in general, and will also be applied to the analysis of the phosphoproteome
(Kalume, 2003). Efforts to integrate functional knowledge with sequence and
phosphorylation site information is currently best represented by the human protein
reference database, (http://www.hprd.org/) which attempts to link all of the functional
knowledge regarding proteins within an integrated, publicly-available database.
Other efforts to integrate knowledge about signalling networks are being made, for
instance, the website BioCarta (www.Biocarta.com) contains functionally annotated
protein signalling networks, with links to the reagents available from their sponsors
and to the sequence databases. All of these tools are highly reliant upon Internet
resources, and the use of the Internet will undoubtedly aid the development of
interactions between laboratories and the dissemination of scientific information.
Two major efforts, the Nature Alliance for Cell Signalling (http://www.signalinggateway.org/)

and

Science

Signal

Transduction

Knowledge

Environment

(http://stke.sciencemag.org/) have been launched in the last 2 years. Both projects
aim to connect researchers working in geographically and scientifically distant
laboratories in order to create a concerted and united effort to gain a more thorough
understanding of the complex interactions involved in signal transduction pathways.

O f course, phosphorylation of serine, threonine and tyrosine residues is not the sole
post-translational modification by which the cell is capable of regulating subcellular
localisation, degradation, catalytic activity or complexation.

There is a growing

catalogue of other post-translational modifications which are involved in the
modulation of protein activity, primarily occurring at a small range of residues. For
instance, lysine residues can be acetylated, and this acétylation plays a vital role in the
ability of hi stones to regulate DNA condensation and therefore gene transcription.
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Lysines may also be methylated, ubiquitinated or sumoylated (small ubiquitin-related
modifier), these alternative modifications can play a vital role in the activity and
degradation of proteins (Berger, 2002; Freiman, 2003).

Histidine, glutamic and

aspartic acid residues can also be phosphorylated, although these residues are likely to
be

more

important

in

prokaryotic

signalling

than

in

higher

eukaryotes.

Phosphorylation is the most common post-translational modification of serine and
threonine residues, but these residues can also be modified by glycosylation by
various different sugar molecules, including N-acetylgalactosamine (0-GalNAc), Nacetylglucosamine (O-GlcNAc), N-acetyl fucosamine (0-FucNAc), and various other
glycosylation events (Spiro, 2002). 0-GlcNAc in particular is a somewhat mysterious
glycosylation which is thought to behave in a yin-yang fashion with ophosphorylation and maintain appropriate cellular signalling response in respect of the
nutritional state of the cell (Wells, 2003).

Other residues are also known to be

glycosylated, including Asn (N-glycosylation), Tyr (0-glycosylation) and arginine
(N-glycosylation) (Spiro, 2002). Tyrosine residues may be sulphated, regulating the
interaction of protein aggregation events involved in platelet clotting and leukocyte
adhesion to the endothelium (Kehoe, 2000), or nitrosylated, which may play a
refactory role to tyrosine phosphorylation in response to reactive nitrogen species
(Monteiro, 2002).

Many of these modifications are far less well-understood than

phosphorylation, and further study may yield interesting insights into the multifaceted
ways in which cells regulate their responses to their dynamic surroundings.

In conclusion, IMAC is a tool which has been found within the experimental work
presented in this thesis to be highly suitable for targeted analyses of phosphorylated
peptides by mass spectrometry. This study has, however found that IMAC lacks a
total binding capacity for phosphorylated peptides, but is capable of retaining both
pSer/Thr-containing and pTyr containing peptides.

Some binding specificity for

phosphorylated residues in acidic motifs has been observed, and presents a recognised
problem with the pseudo-non-specific interaction of acidic, non-phosphorylated
peptides. Within the course of this thesis I have applied novel strategies to overcome
these problems.

Combining the high-sensitivity of the modem mass spectrometer

with these improved sample preparation methods is anticipated to yield identification
of phosphorylation sites which would previously have remained unattainable using
the more traditional methods of phosphorylation analysis. This is the dawn of a new
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age of insight into the complexity of protein phosphorylation events and their roles in
signal transduction, and mass spectrometry is amongst the most vital tools which will
be used to probe phosphorylation events.
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Appendix 1 : Literature search for protocols featuring IMAC separation of phosphorylated peptides
Reference*

A nalysis
by MS^

ID A /N T A Load buffer

W ash buffer(s)^

Elution buffer

packing

R eported lim it o f

O ther com m ents

detection and nature o f
analyte

(Andersson, 1986)

No

IDA

100 mM acetic acid

100 mM acetic

50 mM Pipes/HCl, 50pmol/uL Ovalbumin

/NaOH pH 5

acid/NaOH, pH 5, then

pH 7.2

Intact protein analysed

50mM MES/NaOH, pH
5.7
(Andersson, 1991)

No

IDA

100 mM acetic acid

100 mM acetic/NaOH,

50 mM Pipes/HCl, 50nmol Ovalbumin

A1 (III) used as im mobilised

/NaOH, pH 6

pH 5, then 50 mM

pH 7.2

metal ion rather than Fe(III)

MES/NaOH, pH 5.7
(Anguenot, 1999)

No

IDA

200 mM MES/NaOH, 50 mM MES/NaOH, pH 100 mM

U DP-glucoronic acid

Tomato sucrose synthetase

pH 6.3

affinity purified tomato

isoforms separated on basis

3.0

MES/Tris/NaOH,

pH gradient 6.3-9.5 fruit sucrose synthetase- no o f phosphorylation levels
levels stated
(Bem os, 1997)

No

IDA

50 mM N a acetate,

Single buffer

Sensitivity not reported.

Measured elution volum e in

system

Casein phosphopeptides

single buffer system.

pH 8.0, both

from

Identified other amino acids

containing (urea

analysed.

4.5 M or 50 mM Tris,

and/or 30 mM Ca(II))

K)
O
oo

Single buffer system

CL,

/3 and

k

casein

as being important in IMAC
retention (Glu, Cys)

I
o

(Betts, 1997)

(Cao, 1999)

(Cao, 2000a)

(Cao, 2000b)

Y es

Yes

Yes

Y es

IDA

IDA

IDA

IDA

100 mM acetic acid,

100 mM acetic acid, pH 100 mM Tris-HCl, Rat brain homogenate,

pH 3.1

3.1

pH 8.5

IGD on neurofilament

pretreated by fractionation; proteins carried out before
50ug protein loaded to

IMAC separation o f tryptic

70uL column

in vivo phosphopeptides

0 . 1 % acetic acid, 10 % 0 .0 2 % acetic acid, 80%

30% MeOH, 0.1% 240 frnol casein tryptic

MeOH

AmAc, pH 9.6

digest, phosphopeptide

using NH 4OH

mixtures also analysed.

5% acetic acid (7.5ul 0 . 1 % acetic acid, then

200 mM sodium

150 frnol casein tryptic

ZipTip*^*^ Poor signal-to-

peptide: 2.5ul 20%

phosphate, pH 9.3

digest

noise ratio Pi and P 2

MeOH

water

IMAC-CE-ESI MS on LCQ

acetic)

observed from casein digest

0 . 1 % acetic acid, 10 % 0 .0 2 % acetic acid, 80% 30% MeOH, 0.1% 250 frnol casein tryptic

IMAC-CE-ESI M S on LCQ,

MeOH

used MS"

MeOH

A m Ac, pH 9.6

digest

using NH 4OH
(Cleverley, 1998)

Y es

IDA

100 mM acetic, pH

100 mM acetic acid, pH 100 mM Tris-HCl, No levels stated, both rat

IGD on neurofilament

3.1

3.1

proteins carried out before

pH 8.5

brain homogenate and

transformed bacterial cells IMAC separation o f tryptic
analysed
(Ficaire, 2002b)

Y es

IDA

100 mM NaCl in

MeOH:MeCN: water

50 mM N a2H P 04, 1 0 0 ng yeast protein

M ethyl estérification prior to

MeCN :water: acetic

1 : 1:1 (v/v)

pH 9.0

analysed in high-

IMAC to remove acidic

throughput manner.

interactions

100 mM NaCl in

MeOH:MeCN :water

50 mM N a2H P 04, 1 X 10* spermatozoa

Double-esterification step

t

MeCN :water: acetic

1 : 1:1 (v/v)

pH 9.0

added to protocol

o

acid 25:74:1 (v/v)
(Ficarro, 2 0 0 2 a)

Y es

IDA

PKA phosphopeptides

acid 25:74:1 (v/v)

starting material

I

s

(Gallis, 1999)

Y es

IDA

100 mM acetic

100 mM acetic acid,

lOOmM A m P 04

then water

(Kocher, 2003)

(Kucerova, 2001)

(Li, 2002)

Y es

No

Yes

IDA

IDA

IDA

1% acetic acid

6 1 0 0 mm culture dishes o f Immunoprecipitated [^^P]-

bovine aortic epithelial

labelled eNOS & then

cells used

performed IMAC
U sed precursor ion scanning

1 % acetic acid, then

0 .2 % phosphoric

2 pmok jS-casein,

20% MeCN, 0.5%

acid

ovalbumin, (3-galactosidase prior to IMAC to indicate

acetic acid, then 1 %

and 1 0 0 fm ol synthetic

acetic acid

phosphopeptides used.

phosphopeptide masses.

Phosphate buffer, pH Trsi-HCl, pH 7.2

100 mM Sodium

Sensitivity not reported.

Qualitative study o f

7.3

acetate, pH 5.4

Pepsinogen

pepsinogen phosphorylation

phosphorylation analysed

by gel filtration jfrom gastric

using IMAC

ulcer patients

2 pmol casein used to

Microfluidic CE chip used

evaluate.

for separation. Higher

5% acetic acid

Water

2% NH 4OH

recovery reported with
Fe(III) than Ga(III)
(Li, 1999)

Yes

IDA

lOOmM acetic acid

?

pH 3.3
(Lin, 2000)

No

IDA

20 mM NaH 2P 0 4 ,

20 mM NaH 2P 0 4 , 100

100 mM NaCl, pH 5 mM NaCl, pH 5

0.1% Am Ac, pH

~20nm ol ea. O f a m ix o f 7 LCMS used on quadrupole

8.7

synthetic phosphopeptides instrument

10 mM NaH 2? 0 4 ,

“5% w /v casein tryptic

various pH values. hydrolysate” analysed by
IMAC

Cu(II) chromatography,
compared effects o f pH and
salt upon phosphopeptide
retention. Increased salt

K)

OO

K>

increases phosphopeptide
retention upon resin

t

I
O
s

(Loughrey, 2002)

(McMichael, Jr.,

Yes

No

IDA

IDA

0 . 1 % acetic acid

6NHC1

1993)

(Muszynska, 1986)

No

IDA

0 . 1 % acetic acid, then

Sodium phosphate, Sensitivity not reported

Ga(III) used. Mapping o f

30% MeCN, then 0.1% pH 8.4

Substrate site-directed

phosphorylation sites o f

acetic acid

mutants o f N et 1.

mutant N etl

100 mM acetic acid,

1% A m A c/

Sensitivity

not

reported. Radiolabelled spinach

then 100 mM acetic acid NH 4OH, pH 9.

Substrate spinach sucrose- sucrose-phosphate-synthase

/lOO mM NaOH, pH 5,

phosphate-synthase

phosphorylation sites

then 1% AmAc (w/v)

analysed by IMAC

mapped

10 mg phosvitin/ 25 mg

pH-based elution

50 mM MES, p H 6.0

l)5 0 m M M E S /

NaOH pH 6 , 2) 50 histone loaded to IX 6 cm
mM PIPES/ HCl

column

pH 7.2, 3) 50 mM
Tris/HCl pH 8 , 4)
50 mM Tris/HCl
pH 8.9
(Muszynska, 1992)

No

IDA

50 mM M ES/ 1 M

50 mM M E S /1 M

10 ml X 20 mM

NaCl, pH5.5

NaCl, pH5.5 (A)

MES, 1 M NaCl,

profiles o f phosphoamino

pH 6.5 (B);

acids

2 mg casein in solvent B

A lso looked at the elution

gradient o f B w
100 mM Tris/1 M
NaCl, pH7.5 (C);
20 mM N a 2HP 0 4 /
K)

00
w

1 M NaCl, pH 7.7
(D)

t

I

s

(N eville, 1997)

Y es

ID A/NTA

lOOmM acetic, pH

100 mM acetic acid,

100 mM Am Ac,

300 pm ol aliquots

CFTR & kemptide used.

3.1

then water, then 1 0 0

pH 9.5

CFTR & kemptide

Eluate dried & resusp in

analysed by IMAC.

5Oui, gives 6 pmol/ul soln 4

mM AmAc, pH 8.0

M ALDI analysis
(Papac, 1994)

Yes

IDA

N aP 04 pH7

Water, then 100 mM

2% Am Ac, pH 9.5 400 pmol P-kemptide &

acetic acid, 500 mM

kemptide loaded in 50pl

NaCl

50 pL column. Before
elution, 0.1 pL aliquot o f
beads was removed for ontarget MALDI

(Posewitz, 1999)

Yes

IDA

2 0 % acetic acid

0 . 1% acetic acid, then

200 mM sodium

added 1:1 v/v with

0.1% acetic acid in 30% phosphate, pH 8.4, o f j8 -galactosidase analysed being better method for

sample

AON, then 0.1% acetic

5ul o f 250 fm ol/pl tryptic

desalt eluate

Tempst. Ga(III) proposed as

phosphopeptide separation
than Fe(III)

(Raska, 2002)

Yes

IDA

100 mM acetic acid

0 . 1 % acetic acid, then

Matrix-mediated

80 pmol phosphoprotein

0.1% acetic acid: 30%

observation o f

used to characterise

MeCN, then 0.1% acetic phosphopeptide
acid

signals

“Direct analysis” on beads

phosphorylation sites o f

Drosophila stem-loop
binding protein

(Scanff, 1991)

to
-1^
oo

No

IDA

Pellet resuspended in 0.1% TFA

100 mM Sodium

100 pL eluate from gastric C alf intestinal casein

water, then pH to 5

dihydrogen

effulent o f neonatal calves phosphopeptides separated

phosphate

used

using IMAC-HPLC

i

I

(Schlosser, 2002)

(Stensballe, 2001)

Yes

Y es

IDA

2 0 % acetic acid

N TA silica 100 mM acetic acid

0 . 1 % acetic acid, 10 %

200 mM potassium 1.2 X 10^ HEK 293 cells

Ga(III) IMAC and elastase

acetonitrile

phosphate, pH 8.5

transfected and Flag-TIF-

digestion to identify TIF-IA

lA harvested for analysis.

phosphorylation sites

"low picom ole or

Phosphopeptides sequenced

100 mM acetic acid, 100 2 volumes o f "pH

used to redissolve

mM acetic acid and

10.5 solvent" (25% fem tom ole levels o f

samples

ACN (3:1 v/v), lOOmM ammonia in water), phosphopeptide" from j3
acetic acid

acidified w 5%

using BCD

and a-casein

formic
(Zarling, 2000)

Y es

IDA

10 % acetic acid

100 mM NaCl in

5ul 50 mM

MeCN:water:acetic acid NazHPO^, pH 9.0

1.5X10^-1.4X10’ cell

MHC-I presentation o f

equivalents o f peptide

phosphopeptides.

25:74:1

Downstream processing by
RP and LCQ analysis

(Zhou, 2000)

Y es

N TA

100 mM acetic acid

water, then 100 mM

Direct analysis

acetic acid

50 pmoFpL loaded to

Direct analysis o f

30|iL beads, 0.5 pL loaded phosphopeptides upon
to M ALDI target (800

IMAC beads with HCCA

fmol)

matrix.

Searching was carried out using both PubMed (www.ncbi.nih.nlm) and Web of Science (wos.mimas.ac.uk) with Booelan search terms IMAC
AND phospho*. Other important protocols for IMAC not returned by this search are also included in this table.
Notes Reference refers to the main reference list ^ Refers to the use of mass spectrometric detection of phosphorylated eluent. ^ In many cases,
sequential washing with several wash buffers was carried out.

Buffers:

MES 4-morpholinoethanesulphonic acid, PIPES 1,4-

K)

00
LA

piperazinodiethanesuplhonic acid. Am Ac ammonium acetate, MeCN acetonitrile, MeOH methanol

Appendices

Appendix 2: Sequences of bovine a-casein isoforms
Underlined residues are tryptic cleavage sites, known phosphorylation sites bold
Bovine Casein, a-S l* SwissProt Accession P02662
Protein pi: 5.0, Protein MW: 24529
1

11

(M ^ L IL T C L V

21

31

41

A V A L A ) R P K H P IK H Q G L P Q E V

LN EN LLR FFV

APFPEVFGKE

51

61

71

81

91

K V N E L S K D IG

SESTED Q A M E

D IK Q M E A E S I

S S S E E IV P N S

V E Q ra iQ ^ D

101

111

121

131

141

VPSERYLGY L

EQLLRLKKYK

V P Q L E IV P N S

AEERLHSM K E

G IH A Q Q K E P M

151

161

171

181

191

IG V N Q E L A Y F

Y PELFRQFYQ

LDAYPSGAW Y

Y V PLGTQYTD

A P S F S D IP N P

201

211

IG S E N S E K T T

M PLW

Bovine Casein, a-S2* SwissProt Accession P02663
Protein pi: 8.5, Protein MW: 26019
1

11

21

31

41

(M K F F IF T C L L

AVALA) ^ T M E

H V S S S E E S II

SQETYKQE^

M A IN P S K E N L

51

61

71

81

91

CSTFCKEW R

N A N E E E Y S IG

SSSEESA EV A

T E E V K IT V D D

KHYQKALNEI

101

111

121

131

141

N Q FYQKFPQY

L Q Y L Y Q G P IV

L N PW D Q V K R N

A V P IT P T L N R

EQ LSTSEEN S

151

161

171

181

191

KKTVDM ESTE

VFTK KTKLTE

EEKNRLNFLK

K IS Q R Y Q K F A

LPQ Y LK TV Y Q

201

211

221

H Q K A M K P W IQ

P K T K V IP Y V R

YL

*Residues 1-15 in both Si andS: are signal peptides, which is also known as casocidin
in the case of 82
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Common Phosphopeptide masses observed in tryptic digests of a-casein^

Theoretical a-casein
m/z

Sequence of phosphopeptide

Annotated

isoform,

on spectra

residues

as

1951.953

Si Y]19-R]34

YKVPQLEIVPNpSAEER

Pi

1660.7947

S] V]20"Ri34

VPQLEIVPNpSAEER

P2

1466.6126

S2 T]53-Ki64

TVDMEpSTEVFTK

P3

1594.7076

S2 K 152 -K 164/

KTVDMEpSTEVFTK/

P4

S2 T]53-Ki65

TVDMEpSTEVFTKK

1927.6921

S] D 58 -K73

DIGpSEpSTEDQAMEDIK

2Pi

1539.5981

S2 E]41-Ki52

EQLSTpSEENpSKK

2

3008.0301

S2 Nôi-Kgs

NANEEEYSIGpSpSpSEEpSAEVATEEVK 4Pi

3132.1957

S2 K 16-K39

KNTMEHVpSpSpSEESIIpSQETYKQEK

4P2

2720.9135

Si Q74 -R94

QMEAEpSIpSpSpSEEIVPNpSVEQK

5Pi

P2

Common non-phosphopeptide masses observed in tryptic digests of a-casein
following IMAC treatment^

Sequence of peptide

Annotated

Theoretical

a-casein

m/z

isoform,

on spectra

residues

as

2316.1375

Si E i 48-Ri 66

EPMIGVNQELAYFYPELFR

Ni

3026.43^

Si Y 18 I-K2 O8

YVPLGTQYTD APSFSDIPNPIGSENSEK

N2

1267.7050

Si Y 116 -K 115

YLGYLEQLLR

N3

1384.7305

Si F 38 -K49

FFVAPFPEVFGK

N4

Notes:

’ In both tables the residue numbers refer to the uncleaved gene product, as presented in the

N C BI database.

^ The non-phosphorylated peptide with m/z 3026 derives from a chymotryptic

fragment o f a-casein, w hose sequence was confirmed using M ALDI-TOF-CID M S/M S measurement
using the Q-Star. Longer incubation times and storage o f trypsin stocks are thought to contribute to the
low -level chymotryptic activity found in Sequencing Grade trypsin.
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Appendix 3: Com parison o f binding of acidic peptides to magnetic
NTA -agarose and NTA -sepharose

% Loaded counts in supernatant

100

% Loaded counts on beads post-loading

100
80

80
60

□ Magnetic

60

□ Magnetic

40

□ S eph arose

40

□ Sepharose

20
0

20
0
Casein

Casein

P27

% Loaded counts on beads following wash
(3x 50ul)

% Loaded counts in w ash fraction

100

p27

100

80
60

□ Magnetic

40

□ Seph arose

20
0

80
60

□ Magnetic

40

□ Sepharose

20
0
Casein

Casein

p27

% Loaded counts in pooled elution fraction
(2x20ul NH4H2P04)

p27

% Loaded counts on beads following elution

100

100

80

80
60

□ Magnetic

40

□ Sepharose

20
0
Casein

p27

60

□ Magnetic

40

□ Sepharose

20
0
Casein

p27

-1 0 0 0 cpm o f radiolabelled peptides were applied to 10 /xL Fe(III)-loaded magnetic
NTA-agarose beads or NTA-sepharose in 100 fiL 100 mM acetic acid. Beads were
incubated for 30 min, the supernatants removed and washed. Retained peptides were
eluted in 2

X

20 /xL 100 mM ammonium hydroxide. All fractions were counted by

Cerenkov counting and the measured counts normalised against the loaded counts. A
single replicate o f each set o f sample conditions was used in this pilot experiment.

288

Appendices

Appendix 4: Peptide mass m apping o f G SK -3p and Z A K l

Results of peptide mass mapping of 2DE-separated gel spots
Results Summary

M a tr lK l

ppm

11 (37) 3 2 J) 37Ü -7Æ4 9 5 £

2 2.718*+004
3 2.148(41(14

Acc($sion If

(D a».l

ppm

1 2.732e+004

S p(ci(s

P r» t(ia Name

426422

3 9553/80

18655516 UNREADABLE gi(18635316|pdb|lH8F|B ChainB.GlycogM iSyiithase Kinase 3 BeU

11 (37) 3 1 J1 3 7 9 -754 95J5

579315

39752ÆO

18655515

UNREADABLE g(186333151pcib|lH8F|A Chain A, Glycogen Synthase Kinase 3 Beta

11(37) 2 2 11375 113 9 6 5

665393

46857/90

7229084

DANIORERIO glycogen synthase kinase 3 beta

12.148e+004

11(37) 2 2 jO 3 7 9 11J 9 6 5

490823

4 6873/90

£ 1 9 4 1 (4 ) 0 4

11(37) 2 6 0 3 7 9 -754 9 5 5

1059823

18858783 M UNREADABLE B|l^)^K3|ret|NP_371436 1| glycogen synthase kinase 3 beta [Danio

9790077M

UNREADABLE g f 790077|re(|NP_062801 l| glycogen synthase kinase 3 beta [Mus
mus cuius]

^ ------ —

1 .1 1 /2 9 m a tch es (37%).

A cc.#: 18653516 Species; U N R E A D A B L E Name: g i|l86 5 5 5 16|pdb|lH 8F|B C hain B, G ly c o g e n S y n th a s e K in ase 3 B eta
Index: 426422 MW: 39553 D a pi: 8 ,8
m/z
MH+
Submitted Matched ppm

Modifications

Start End

Missed Database
Cleavages Sequence

1063.6086 1063.5788

28

286 294

0

(R lL iE Y T P T A R tU )

1133.6753 1133.5818

83

126 133

0

(TClLYM YOLFRi^

1149.5569 1149.5767
1215.6507 1215.6043

-17 IM et-o x

38

126 133

0

(K)LYM YQLFR(S)

275 285

0

(R )T PPE A IA L C SR (L )

1228.6362 1228.6360

0.18 1C ys-am

275 285

0

(R)TPPEAIALCSR(L)

1295.6004 1295.6054

-3.9 1C ys-am

176 186

0

(R)GEPNVSYICSR(Y)

1438.7213 1438.7694

-33

40

0

(TCiVIGNGSFGVVYOAK fU

1574.7007 1574.7902

-57 1C ys-am

134 146

0

(R)SLAYIHSFGICHR(D)

1893.0064 1893.0697

-33

147 163

0

(R )D IK P Q N L m O P D JA V L K (L)

2705.0975 2705.3485

-93 1M et-ox 1C ys-am

126 146

1

(K)LYM YQLFRSLAYIHSFGICHR(D)

3161.6817 3161.6635

5.7

321 349

0

(TODTPALFNFTTO ELSSN PPLA TIUPPH A R 0)

27

T h e m a tc h e d p e p ti d e s c o v e r 32<M> (1 1 2 /3 3 0 A A 's) o f th e p ro te in .
C o v e ra g e M a p f o r T h is H it ( M S - D ig e s t in d e x ff): 426422

NCBI database searching with in-gel digested GSK-3P, spot B4 (Figure 4.1.4)
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M OW SE

%

^

M e a n D a ta
Err T o i M S -D ig e s t In d ex M P r o te in M W (D a )ip l A c c e s s io n M S p e c ie s P r o te in N a m e
p p m p pm

553

1 1 ( 3 7 ) 34.0 37.9

1.24

113

1

49996/0.7

1

H U M A N 6-H is t a ^ d G SK 3B

553

1 1 ( 3 7 ) 34.0 37.9

1.24

113

1

49996/8.7

1

H U M A N 6-H is tagged G SK 3B

1 .1 1 /2 9 m a tc h e s (37% ).

Acc.U-, L Species: H U M A N N a m e: 6 -H is ta g g e d G SK 3B
Index: i M W : 49996 DapI: 8 7
m/z
Delta
Submitted Matched PP”»

Modifications

Start End

M issed Database
Cleavages Sequence

1063.6086 1063.5788

28

346 354

0

fTOL L E Y T P T A R r P

1133.6753 1133.5816

83

371 380

1

(R )D P N V K H P N G R (D )

83

186 193

0

(K)LYMYQL£E(S)

186 193

0

(K)LY M Y Q LFR (S)

1133.6753 1133.5818
1149.5569 1149.5767

-17 IM e t-o x

335 345

0

(R )IP P E A IA L C S R (L )

1228.6362 1228.6360

0.18 1C y s-a m

335 345

0

(R)TPPEA IA L jCSR(L)

1295.6004 1295,6054

-3.9 1C y s-a m

236 246

0

(R)G EPNVSYICSR(Y)

87 100

0

fK lV IG N G SFG V V Y Q A K lX)
(R )SLA Y IH SFG IC H R (D)

1215.6507 1215.6043

38

1438.7213 1438.7694

-33

1574.7007 1574.7902

-57 1C y s-a m

194 206

0

1893.0064 1893.0697

-33

207 223

0

fTOD IK PO N L L L D PD T A V L K f P

2705.0975 2705.3485

-93 IM e t-o x IC y s-a m

186 206

1

(K )LY M Y Q LFR SLA Y IH SFG IC H R (D )

3161.6817 3161.6635

5.7

381 409

0

rKlD T PA L.FN FTTQ EL;33N PPLA TILIPPH A RfTl

T h e m a tc h e d p e p t id e s c o v e r 27<M» (1 2 2 /4 4 6 A A 's ) o f th e p ro tein .
C o v e r a g e M a p for T h is H it ( M S - D ig e s t in d e x # ): 1

1

11

21

31

41

51

61

71

MSYYHHHHHH DYDIPTTENL YFQGMHSGR PRTTSFAESC KPVQQPSAFG SHKVSEDKDG SKVTTWATP GQGPDRPQEV
81

91

101

111

121

131

141

151

SYTDTCVTGH GSFGWYQUK LCDSGELVAI igçVLQDI®FTÇ NRELQIHRKL DHCNIVRLRY FFYSSGEgÇD EVYLNLVLDY
161

171

181

191

201

211

221

231

VPETVYRVAR HYSRAKQTLP VIYVKLYMYQ LFRSLÏÜtlH S FGICHRDIKP QHLLLDFDTA VLKLCDFGSA KQLVRGEPMV
241

251

261

271

281

291

301

311

SYICSRYYRA PELIFGATDY TS S ID VUS AG CVLAELLLGQ PIFPGDSGVD QLVEIIKVLG TPTREQIREM HPHYTEFIÇFP
321

331

341

351

361

371

381

391

QIKAHPUTOV FRPRTPPEM BLCSHLLEYT PTARLTPLEA CAHSFFDELR DPHVKHPHGR DTPBLEW TT QELSSNPPLA
401

411

421

431

441

TILIPPH W RI QAAASTPTWA TAASDAKTGD RGQTHNAASA SASNST

Spot B4 was also searched against a hexahistidine-tagged GSK-3P construct database.
Sequence coverage (red residues) of 27% of the construct was achieved.

290

Appendices

M atched

ppm ppm

In d e x #

(D a)*I

Specie*

19(76) 23.0 76.0 2.36

28.3

87952

87200/6.4

6503190

DICTYOSTEUUM
DISCOIDEUM

tyrosine kinase ZA K 1

2 3.201e+006 19(76) 22.0 76.0 2.36

28.3

400094

89690/6.3

28829426

UNREADABLE

gj|28829426|ÿ)|AA051964.11similar to Dictyostelium discoideura
(Slime mold) Tyrosine kinase ZA K l (Fragment)

2.89 88.3

605787

73415/7.5

9627954 M UNREADABLE

gij9627954|ref|NP_042509.11 orf2 [M ushroom bacilliform vims]

17372868 M BOMVA

Protem Bv8 precursor

13.292e+006

2667

7 (2 8 )

1 U 28J)

677

5 (2 0 )

45.0 20.0 48.6

182

735685

10102/8.7

6 (2 4 )

28.0 24.0 43.5

70.9

1260298

29534/9.2

27705234 UNREADABLE

gj|27705234|refjXP_230921,1| similar to zinc finger protein [Mus
musculus] [Rattus norvegicus]

1.19/25 matches (76%).
Acc. #: 6503190 Species: D ICTYOSTEUUM DISCOIDEUM N am e: tyrosine kinase Z A K l
Index: 87952 MW: 87200 D apI: 6.4
M isted D atabase
m /z
MH+
M od i& atian s Start End
C leavages Sequence
S ubm itted M atched ppm
773.4900

773.4773

16

487 493

0

(K)LLTDIAK fG)

803.4900

803.4640

32

501 506

0

(K)O HIIH R(D)

964.5400

964.5355

4,6

641 648

0

(KIDFSIIIEK fU

1091.5900 1091.5962

-5.6

476 484

0

(K)VLENNPHLR(V)

1186.6600 1186.6683

-7.0

396 406

0

fK)GLLNETEVAIK (F)

1234.5900 1234.5890

0.78 ICys-am

625 633

0

(K)EUTQCW DR(N)

1314.7300 1314.7633

-25

395 406

1

(K )K G U UETEV A IK (F)

1378.6900 1378.7218

-23

507 518

0

/RIDLTSNNVLLDFK (R)

1509.7400 1509.7524

-8.2 ICys-am

623 633

1

(K)FKEUTQCW DR(N)

1529.7500 1529.7609

-7.1

434 446

0

(R)HPNIVOFMAACIK (Y)

1534.8100 1534.8229

-8.4

507 519

1

(R)DLTSN NV U X)FKR (E)

1696.9400 1696.9175

13 pyroGIii

609 622

0

(K)QNYRPQIPFNVPLK(F)

1699.8100 1699.7961

8.2 ICys-am

536 550

1

(K)VCDFGLSSNQSESKK(L)

1713.9500 1713.9440

3.5

609 622

0

(KIONYRPOIPFNVPLK fF)

1823.9400 1823.9180

12

520 535

0

(R)EILPNOLYGSNEFTAK (V)

2041.0400 2041.0289

5.4

625 640

1

(K)EUTOCW DRNPLNRPK (D)

2054.0900 2054.0606

14 ICys-am

625 640

1

(K)EUTQCW DRNPLNRPK(D)

2128.0500 2128.0133

17

553 572

0

(RlGGSIHYM APENUfGSPINEK (S)

3090.3900 3090 .3856

1.4

369 395

2

(K)WFIF.FF.F.T .F.FDKDDSEGG AGNFGDVKK (G)

The matched p eptides cover 23% (177/759A A 's) o f the protein.
Coverage M ap for T his Hit (M S-Digpst index#): 87952

NCBI database search of spot B7 (Figure 4.1.4)
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MOWSE

Masses
Matched

%

%
y jc

Species

E n Toi MS-Digest Index # Protein MW(Da>ÿI Accession #
ppm ppm

Protein Name

1 I.926e-H)05

19 (76) 61.0

76.02.3620.3 1

32979/6.6

1

DICTYOSTELIUM DISCOIDIUM ZAK 1 catalytic domain

2 1.926e-H)05

19(76) 61.0

76.02.3628.3 1

32979/6.6

1

DICTYOSTELIUM DISCOIDIUM ZAK 1 catalytic domain

1 . 19/25 matches (76%).
Acc. #: 1_Species: DICTYOSTELIUM DISCOIDIUM Nam e: ZAK 1 catalytic domain
Index: i MW: 32979 DapI: 6.6
m/z
M issed Database
MH+
D elta
M odifications Start End
Cleavages Sequence
Subm itted M atched ppm
773.4900 773.4773

16

122 128

0

(K )L LT D IA K (G )

803.4900 803.4640

32

136 141

0

(K )Q H IIH R (D )

964.5400 964.5355

4.6

276 283

0

fK )DFSIIIEK ( U

1091.5900 1091.5962

-5.6

111 119

0

(K )V L M N PH L R (V )

1186.6600 1186.6683

-7.0

1234.5900 1234.5890

0.78 ICys-am

41

0

fK )GLLMETEVAIK (V)

260 268

0

(K)EUTQCW DR(N)

31

1314.7300 1314.7633

-25

41

1

(K )K G L LN E IE Y A IK (F)

1378.6900 1378.7218

-23

142 153

30

0

(R )D L ISN N V L L D FK (R )

258 268

1

(K)FKELITQCW DR(N)

1509.7400 1509.7524

-8.2 ICys-am

1529.7500 1529.7609

-7.1

1534.8100 1534.8229

-8.4

81

0

(R)HPNIVO FM A ACIK (Y)

142 154

1

(R)D LISN N V LU D FK R(E)

244 257

0

(K)QNYRPQIPFNVPLK(F)
(K)VCDFGLSSNQSESKK(L)

69

1696.9400 1696.9175

13 pyroG lu

1699.8100 1699.7961

8.2 ICys-am

171 185

1

1713.9500 1713.9440

3.5

244 257

0

(K )Q N Y EPQ IPFN V PLK (F)

1823.9400 1823.9180

12

155 170

0

fR:iEILPNOLYGSHEFTAK m

2041.0400 2041.0289

5.4

260 275

1

(Km T Q C W D R W P L N R P K (D)
(K)ELITQCW DRNPLNRPK(D)

2054.0900 2054.0606

14 ICys-am

260 275

1

2128.0500 2128.0133

17

188 207

0

(R)GG5IHYM APENLUGSPINEK (S)

3090.3900 3090.3856

1.4

2

(K )W EIEFEEL£FDKDD SEGG AGNFGD VKKfG)

4

30

The matched peptides cover 61% ( 177/287A A's) o f the protein.
Coverage M ap for This Hit (MS-Digest index #): I

1

11

21

31

41

51

61

71

KPKVEIEFEE LEEDTODSEG GAiaiFG a>V ^ GLLHETEVM KFVHÇÀHCEÀ ITVCDTFYHE VLILSNLRHP HIVOETOUICI
81

91

101

111

121

131

141

151

KYGEpTNHC IVSEUHSGGN LTQFLMBmK VLEHHPHLRV g lT D I A K G I L Y L H p H IIH TOLTSHHVLL D E l^ I L P H Q
161

171

181

191

201

211

221

231

LYGSHEFTftK VCDFGLSSHQ SESWÎLRGGS D m m P E H L M GSPIM EKSDI YSFGLLWQM FSYÀPPHTIY SPKEMÀSHVS
241

251

261

271

281

DPKQMYRPQI PFMVHJflFKE LITQCMDRHP L H R P W )F S II lE K L K EI

MALDI peptide mass mapping of spot B7 (Figure 4.1.4). Database search against a
ZAKl catalytic fragment database gave 61% sequence coverage of the construct (in
red).
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In-solution digests: Peptide mass mapping to hexahistidine-tagged version o f the
sequence o f Human GSK-3P (NCBI Gene Identifier Number gi|20455502, Accession
Number P49841), N-terminal fusion tag sequence marked in italics

11

21

31

41

MSYYHHHHHH

DYDIPTTENL

YF QGAM MSGR

PRTTSFA ESC

KPVQQ PSA FG

51

61

71

81

91

SM K V SR D ^G

SK V TTW A TP

GQGPDRPQEV

S Y T D T K V IG N

G SFG W Y Q A K

101

131

141

LCDSGELVAI

121
111
^VLQDiŒFK N R E L Q IM R K L

D H C N IV R L R Y

FFYSSGEKKD

151

161

171

181

191

EVYLNLVLDY

VPETV Y R V A R

HYSRA K Q TLP

V IY V K L Y M Y Q

L F R S L A Y IH S

201

211

221

231

241

F G IC H R D IK P

QNLLLDPDTA

V LK LCDFGSA

K QLVRGEPNV

S Y IC S R Y Y ^

251

261

271

281

291

P E L IF G A T D Y

T S S ID V W S A G

CVLAELLLGQ

P IF P G D S G V D

Q L V E IIK V L G

301

311

321

331

341

T P T R E Q IR E M

NPN YTEFKFP

Q IK A H P W T K V

FRPRTPPEA I

ALCSRLLEYT

351

361

371

381

391

PTA RLTPLEA

CA H SFFD ELR

D PN V ^PN G R

D TPA LFN FTT

QELSSNPPLA

401

411

421

431

441

T IL IP P H A R I

QAAASTPTNA

TAASDANTG D

RG Q TN N A A SA

SA SN ST

Three samples o f GSK-3P were examined by in-solution digestion and peptide mass
mapping. Samples I and 2 were two different batches o f hexahistidine-tagged GSK3P, which had been shown by gel filtration chromatography (E.Fraser, ICR) to have
different levels o f phosphorylation. Sample 3 was a ZA K l kinase assay which had
been performed upon sample 2. MALDI data from samples 2 and 3 are shown in
Figure 4.1.4.
Red: Identified in all three samples
Green: Sample 1 only, 40.4% sequence coverage for sample 1 alone
Magenta: Sample 2 only, 50.4% sequence coverage for sample 2 alone
Orange: Samples l& 2, combined sequence coverage 53.1%
C yan; Sample 3 only, 18.2% sequence coverage for sample 3 alone
Black: not identified
Total sequence coverage with all three digests= 57.8 %
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ZAK sequence coverage (Sample 3)

11

21

31

41

K P K W E IE F E E

LEFDKDDSEG

G A G NFGDV KK

GLLNETEVAI

KFV K K A H C EA

51

61

71

81

91

IT V C D T F Y H E

V L IL S N L R H P

N IV Q F M A A C I

KYGEKETNHC

IV S E W M S G G N

101

111

121

131

141

LTQ FLM N NH K

VLENNPHLRV

K L L T D IA K G I

L Y L H K Q H IIH

RD LTSN N V LL

151

161

171

181

191

DF^^EILPNQ

LYGSNEFTAK

V CD FG LSSN Q

SESKKLRGG S

IH Y M A P E N L N

201

211

221

231

241

G S P IN E K S D I

YSFGLLVW QM

F S Y A P P N T IY

SPK EM A SM V S

DPKQNYRPQI

251

261

271

281

PFN V PLK FK E

L IT Q C W D R N P

L N R P K D F S II

lE K L K E I

Observed residues in red. Sequence coverage = 83%
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A ppendix 5: Counts per m inute against % standard deviation for
Cerenkov

direct

scintillation

counting

of

- ATP-Iabelled

analytes
Measurements were carried out upon the Wallac Micro-beta instrument to determine
the accuracy of Cerenkov counting. Repeated measurements (14 repetitions) of a
small set (n=4) of samples containing different levels of

radiolabel were carried

out, averaged and the % standard deviation of the mean calculated.

100000
cpm vs % s.d.

10000
1000
100

Background

% s.d.
These data indicated that at levels of

higher than 100 cpm, less than 10%

systematic error of population standard deviation should occur.
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Papers and Poster Presentations arising from this work
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“Factors governing the solubilization of phosphopeptides retained on ferric NTA
IMAC beads and their analysis by MALDI TOFMS”, Journal of the American
Society for Mass Spectrometry, 2002 (13), 1042-1051

Hart, S.R., Foukas, L., Shepherd, P., Cramer, R.
“Immobilised

Metal

Ion

Affinity

Chromatography
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Enrichment

of

Phosphorylated Peptides: Application to the Identification of Phosphorylation Sites in
Signal Transduction Proteins”, Poster, American Society for Mass Spectrometry
Annual Conference, 2002.

Hart, S.R, Cramer, R., Waterfield, M.D.
“Investigation into the Direct Analysis Phenomenon Observed in Immobilised Metal
Ion Affinity Chromatography: pH-Independent Elution of Phosphopeptides from
IMAC Resin”, Poster, British Mass Spectrometry Society Annual Meeting, 2002.
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Factors Governing the Solubilization of
Phosphopeptides Retained on Ferric
NTA IMAC Beads and Their Analysis by
MALDI TOFMS
S. R. H a r t/ M. D. W aterfield/ A. L. Burlingame/'^ and R. Cramer"
L u d w ig In stitu te for C a n cer R esea rch , L o n d o n , U n ite d K in g d o m

We have revisited the direct analysis experim ents reported by Tomer and co-workers in the
MALDI-TOFMS analysis of phosphopeptide-loaded im m obilized m etal ion affinity chrom a
tography (IMAC) beads (Zhou, W.; Merrick, B. A.; Khaledi, M. G.; Tomer, K. B. /. Am. Soc. Mass
Spectrom. 2000, 11, 273-282). The results described herein provide n o evidence to support a
laser-induced direct desorption of phosphopeptides chelated on IMAC beads. H ow ever, w e
have established that solubilization of m ono-phosphopeptides from their inunobilized Fe^^N TA chelates does occur effectively in solutions containing certain MALDI matrices. Partic
ularly effective is 2,5-dihydroxybenzoic acid (2,5-DHB), w hich apparently forms a stronger
chelation com plex w ith Fe^'^-NTA than m ono-phosphopeptides. W ith regard to the disparity
observed betw een the low pH value of MALDI matrices (saturated 2,5-DHBag ~ pH 2) and the
high pH values of conventional IMAC eluents (typically above pH 7), w e have also
investigated the influence of eluent pH on the recovery of phosphopeptides from IMAC
m edia. Finally, w e have confirm ed the importance of em ploying am m onium dihydrogen
phosphate as buffer to achieve effective liberation of m ono- and all p oly-phosphopeptide
species from Fe^'^-NTA IMAC resin. (J A m Soc Mass Spectrom 2002, 13,1042-1051) © 2002
American Society for Mass Spectrometry

m m obilized m etal ion affinity chrom atography
(IMAC) has been used for a num ber of years for the
selective enrichment of phosphopeptides from pro
teolytic digest m ixtures containing both phosphory
lated and non-phosphorylated com ponents [1-8]. The
established m ethods have largely relied upon the use of
h igh-pH elution buffers to disrupt the interaction of
phosphopeptides rem aining bound to the metal ioncontaining IMAC m edia after separation of all other
p ep tid es [2-5].
In addition to the usual conditions docum ented
above for solubilization of peptides bound in their
im m obilized, chelated form attached to the resin, evi
dence has been presented w hich suggests that m onop hosphopeptides m ay be released directly from the
resin during the MALDI process [7,9]. It w as recognized
that the ferric IMAC resin m ust bind m ultiple phos
phorylated com ponents as w ell, but that laser irradia-

I

P u b lish ed o n lin e July 24, 2002
A d d re ss reprint requests to Dr. R. Cram er, L u d w ig Institute for Cancer
R esearch, C ruciform B u ild ing, G ow er Street, London W C IE 6BT, UK.
E-m ail: rainer@ ludw ig.ucl.ac.uk
*A lso at D ep artm en t of B iochem istry and M olecular B iology, U niversity
C o lle g e L on d on, G ow er Street, L on d on W C IE 6BT, UK.
^Also at D ep artm en t of P harm aceutical C hem istry, U niversity o f C alifornia,
513 Parnassus A ve., San Francisco, C A 94143-0446, USA.

tion does not easily dissociate these com ponents from
the agarose IMAC beads [7].
W hile it w as suggested that laser desorption directly
from IMAC beads occurs particularly for m ono-phosphorylated peptide com ponents, in these reports it w as
also questioned w hether or not the IMAC analytes are
still bound to the beads through their affinity interac
tion im m ediately prior to laser desorption [9,10]. There
fore, the possibility exists that "elution" from the beads
into the MALDI matrix solu tion / crystals has in fact
taken place prior to MALDI desorption and m ass
analysis.
Of course, there w ou ld be clear advantages in having
a protocol that perm its the direct analysis of p hos
phopeptides from IMAC beads, particularly if the ana
lyte species thus detected could be qualitatively and
quantitatively representative of the com ponents bound
to the resin. H ow ever, if phosphopeptide desorption
takes place directly from their chelated form on the
beads, probably the majority of bound p hosphopep
tides w o u ld not be accessible for laser desorption be
cause of the unavoidable "shadow effect" of the threedim ensional resin beads. On the other hand, if the
matrix itself w ere able to "solubilize" the bound phos
phopeptides, then further detailed investigations w ould
be desirable in order to understand the potential ana
lytical utility of such a process.
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To this end, w e have chosen to reinvestigate the
nature of the "direct analysis" phenom enon and w ish to
report that the acidic MALDI matrix, 2,5-dihydroxyben
zoic acid (2,5-DHB), is able to liberate chelated m onophosphopeptides from Fe^'^-NTA resin because of its
apparently higher chelation affinity for im m obilized
Fe^"^ ions. In addition, w e have established that m ulti
p ly phosphorylated peptides remain bound under these
conditions and in fact require the use of an am m onium
dihydrogen phosphate buffer to effect disruption and
solubilization from the ferric N TA resin, although not
necessarily under the alkaline buffer conditions com 
m only em p loyed as discussed above. A s a consequence,
w e have system atically investigated the reaction condi
tions required to assure the liberation of p hosphopep
tides of varying degrees of m odification from IMAC
resins.

Experim ental
N ickel loaded nitrilotriacetic acid (NTA) beads from
Qiagen (H ilden, Germany) w ere used throughout our
studies, since it has been sh ow n by a num ber of
research groups that NTA is a m ore effective chelating
agent for u se in IMAC than the more w id ely used
im inodiacetic acid. This effectiveness appears to be due
to its tetradentate structure and therefore stronger
bead-m etal ion interaction [7, 11]. The N i-N T A beads
w ere w ashed in three volum es of water to rem ove their
antibacterial 50% aqueous ethanol storage solution.
Bound divalent N f ions w ere rem oved by chelation
w ith EDTA (three volum es of 100 mM solution) w ith
subsequent rinsing in water. N ext, the pH w as adjusted
to 2.5 by rinsing w ith 100 mM acetic acid solution, and
the iron-loading step w as performed w ith 100 mM
FeClg d issolved in 100 mM acetic acid. The beads w ere
then w ashed in 100 mM acetic acid and stored at 4°C.
Beads are chem ically stable under these storage condi
tions for a period of several w eeks, so bulk volu m es can
be prepared in advance.
HPLC grade w ater w as purchased from Rathburn
(W alkerbum, UK), m odified porcine trypsin from Prom ega (M adison, WI), and all other chem icals from
Sigma-Aldrich (Poole, UK). MALDI-TOFMS m ass spec
tra w ere recorded on either a Reflex III (Broker Daltonik, Bremen, Germany) or a Voyager Elite XL (Ap
plied Biosystem s, Foster City, CA) reflectron time-offlight m ass spectrometer.
Matrix solutions w ere prepared as follows: 2,5-DHB
(Broker Daltonik), w as prepared as a saturated aqueous
solution in HPLC grade water. CHCA w as either used
as a ready-m ade solution in m ethanol (Hewlett-Pack
ard, Palo Alto), or m ade up at 10 m g /m l in 45% ethanol,
10% formic acid.
For the present study, w e have essentially em ployed
the m ethod described by Zhou et al. [7]. Briefly, 10 /xl of
settled Fe^^-charged IMAC resin w as m ixed w ith a
tryptic digest of the com m ercially available (SigmaAldrich, Poole, UK), hyper-phosphorylated protein
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a-casein (10 /xl of a 2 p m o l/ jul solution in 100 m M acetic
acid) for 15 m in on a rotator at room temperature. The
supernatant w as discarded and any non-specifically
adsorbed peptides w ere w ashed off using 3 X 20 /llI
w ashes in each of 100 m M acetic acid and HPLC grade
water. Affinity-bound phosphopeptides w ere analyzed
directly from the beads b y loading 0.3-0.5 /xl of the
bead slurry to a MALDI target, adding 0.5-1 /xl of
matrix solution and drying the sam ple under a w arm
stream of air (direct analysis). Alternatively, phos
phopeptides w ere displaced from IMAC beads offtarget by em ploying the sam e matrix solutions as used
for direct analysis. In this case, follow in g treatment w ith
matrix solution, the "eluted" supernatant w as applied
to the MALDI target and dried w ithout additional
matrix (indirect analysis). In the third set of experim ents,
in w hich the pH of the elution buffer w as varied,
phosphopeptides w ere eluted w ith 100 mM am m onium
phosphate buffer. This buffer w as adjusted to various
pH values u sing am m onium hydroxide. In this case, the
MALDI sam ple w as prepared by spotting 0.5 /xl of the
eluent on the MALDI target, adding 0.5 /xl of a satu
rated aqueous 2,5-DHB solution, drying the sam ple as
usual.
Sequential solubilization of phosphopeptides using
both 2,5-DHB and am m onium phosphate buffers w as
also carried out, u sing standard reagents as described
above. Briefly, 2,5-DHB treatment w as done as above,
and the solution w as then decanted. Three w ashes w ith
20 /xL water w ere then carried out before a second
attempt at solubilization in 100 m M am m onium phos
phate buffer at pH 4.8 w as performed. The solutions
from both of these treatments w ere analyzed by
MALDI-TOFMS as described earlier.
Finally, w e have studied MALDI-TOFMS sensitivity
lim its for IMAC-enriched phosphopeptides. In these
experim ents w e used a 10 /xl slurry of phosphopeptideloaded Fe^'^-NTA beads and the chelated peptides w ere
solubilized w ith 10 /xl of am m onium phosphate buffer
(pH 4.8). MALDI-TOFMS analysis w as then performed
on 0.5 /xl of the supernatant (5%) w ith 0.5 /xl of a
saturated aqueous 2,5-DHB solution on a MALDI target
using the "dried droplet" preparation technique.

Results
Direct Analysis
W hen phosphopeptide-loaded IMAC beads w ere ap
plied to the target and m ixed w ith 2,5-DHB matrix
solution, w e noted that the beads changed color from
orange to purple. U pon probing the entire sam ple spot
area on the target by MALDI-TOFMS, prom inent ion
signals w ere detected corresponding to m ono-phosphorylated peptides as sh ow n in the spectra of Figure 1.
Surprisingly, these p hosphopeptide signals w ere ob
tained on ly from the crystalline ring surrounding the
beads (as w o u ld be expected for the normal behavior of
an analyte solution u sing 2,5-DHB as matrix). H ow ever,
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c le a v e d p e p tid e , resp e c tiv e ly . T heir p rese n c e can b e attrib uted to
a ffin ity -b in d in g o f acid ic r e s id u e s a n d /o r p u ta tiv e h y d ro p h o b ic
in teraction w ith Fe^'^-NTA IM A C b e a d s, and h as freq u en tly b een
se e n in IM A C ex p erim en ts. F u ll se q u e n c e s for lab eled p h o s 
p h o p e p tid e s are as fo llo w s: SI
V PQ L E IV PN pSA E ER ,
m / z 1660.79; SI Y n g-R i 3 4 : Y K V PQ L E IV PN pSA E ER , m / z 1951.95;
S2 T ] 53 -KiM: TVDM EpSTEV FTK , m / z 1466.61; S2 T^gg-K^gg: T V D 
M EpSTEVFTKK, m / z 1594.71. (a) 2,5-D H B as m atrix in lin ear
m od e; (b) 2,5-D H B as m atrix in reflectron m od e; (c) C H C A as
m atrix in lin ear m od e; (d) C H C A as m atrix in reflectron m o d e.
P rom in en t m etastab le d e c a y from th e p h o sp h o p e p tid e Y^^g-R^g^ is
m ark ed b y a p o u n d sign.
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little or n o sign a l for p h o sp h o p e p tid es w a s ob served
from the b ead s th em selv es. T hese results su g g e st that
the IMAC b o u n d p ep tid es w ere b ein g solu b ilized in the
matrix so lu tio n s and w ere thus b eco m in g cocrystallized
w ith matrix as these so lu tion s dry. In order to elim in ate
any effect o f the so lv en ts u sed for these and further
exp erim en ts, all so lv en t sy stem s w ere tested prior to
experim ental use. N o sign ifican t so lu b ilization o f p h o s
p h o p ep tid es w a s observed.
In both the linear and reflectron m od e, ion sign als
can be seen representing the tryptic a^-i casein m on op h o sp h o p ep tid es V i 2 i-R i 3 4 (VPQLEIVPNpSAEER) and
^H 9 -Ri3 4 (YKVPQLEIVPNpSAEER). H o w ev er, w h en
2.5-D H B is u sed as matrix, tw o ad d ition al m o n o-p h osp horylated oc^2 casein p ep tid e ion s T 1 5 3 -K 1 6 4 (TVDM Ep
STEVFTK) and T i 5 3 -K i 6 5 (TVDMEpSTEVFTKK) are ob 
served (Figure 1 a and b). A s anticipated, the u se of
reflectron m o d e p ro v id es increased m ass accuracy and
resolution. On the other h a n d , m etastable d ecay of the
p h o sp h o p ep tid e ion s occurs as a loss of — 8 6 Da from
the parent ion m ass v a lu e d u e to the d efo cu sin g of
m etastable d ecay fragm ent io n s in reflector m od e. A s is
o b v io u s up on in sp ection o f the spectra sh o w n in Figure
1, those b ead s m ixed w ith C H C A matrix so lu tio n g iv e
com p aratively low er p eak in ten sities for the a-casein
p h o sp h o p ep tid es than 2,5-D H B in both linear and re
flectron m od es.
Ferric ad d u ct ions w ere a d d ition ally ob served w h en
2.5-D H B w a s u sed . T hese ad d u ct ion s w ere seen w ith a
m o n o iso to p ic m ass increase o f 52.9 Da from the p h o s
p h o p ep tid e peak, bearing the characteristic isotop e pat
tern of iron. A s ju d ged from the retention o f the purple
color of the bead s, the bu lk o f the Fe^'*' appears to
rem ain b ou n d to the N T A -sep h arose beads.

Indirect A nalysis

2000

3000

m/z

F ig u re 1 . M A LD I-T O FM S m a ss sp ectra o f a tryptic « -ca sein
d ig e s t acq u ired after IM AC trea tm en t u sin g the direct analysis
m e th o d (IM A C b ea d s w e r e lo a d e d d irectly on th e target and
m atrix w a s a d d e d su b seq u e n tly ). P h o sp h o p e p tid e s are m arked b y
an asterisk. S o m e n o n -p h o sp h o r y la te d « g ,-ca sein p e a k s are seen
(m/z 2316.14
3026.43 [Yig^-K^gg]), cf. F ig u res 2, 3, 4.
T h ese p e p tid e s co rresp o n d to o n e tryptic a nd o n e n o n -sp ec ifica lly

W hen 2,5-D H B solu tion w a s ad d ed to the IM A C -beads
in the indirect analysis exp erim en ts, the b ead s im m ed i
ately ch an ged color from oran ge to purple just as in the
direct analysis experim ents. F o llo w in g centrifugation of
this slurry, the supernatant w a s a p p lied to the target
and dried. Both linear and reflectron M ALDI-TOFMS
spectra w ere recorded u sin g the 2,5-D H B supernatant
(Figure 2 a and b). It can be seen that w ell-d efin ed peaks
are present at all of the m o n o -p h o sp h o p ep tid e m ass
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P rom in en t m etastab le d e c a y o f th e p h o sp h o p e p tid e s V , 2 i-R i 34 a nd
Y „ 9 -R ,3 4 is m arked b y a p o u n d sign .
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pH Variation
The reflectron m o d e M ALDI-TOFM S spectrum o f an
untreated tryptic d ig est is sh o w n in Figure 3a. This
spectrum sh o w s that o n ly the ag^-casein p h o sp h o p ep 
tid es Y ii 9 -R^3 4 , V i 2 i-R i 3 4 , and
exp ected from
different
cleavages
of
the
overall
seq u en ce
YKVPQLEIVPNpSAEERLHSM K are o b viou s. The three
su b seq u en t p an els (Figure 3b, c, d) w ere obtained u sin g
am m on iu m p h o sp h a te buffers o f different pH v a lu es
covering the range from 4 .8 -9 .6 . Surprisingly, v ery few
qualitative d ifferences w ere ev id e n t am on g these sp ec
tra of p h o sp h o p ep tid es, w h ich cover the entire suite of
k n ow n a-casein p h osp h orylation sites.

20000

1000

v a lu es ob served in Figure 1. This result confirm s that
the p h o sp h o p ep tid es h ave in fact b een so lu b ilized in
the m atrix so lu tio n as d ed u ced from our first experi
m en ts described above.
A s w ith the direct an alysis, sam p les a n alyzed in
2,5-D H B, w h e n com pared to C H C A sam p les, exhibited
higher signal in ten sities (and thus better sign al-to-n oise
ratios) for the intact a-casein p h o sp h o p ep tid e ions, but
lo w er signal in ten sities for their m etastable ions.
Further, ferric (Fe^^) p ep tid e a d d u cts w ere easily
ob served u sin g 2,5-D H B sa m p les, but w ere barely d e 
tectable u sin g C H C A. A gain , the bulk o f the Fe^^
appeared to rem ain b ou n d to the N T A -sep h arose b ead s
fo llo w in g treatm ent w ith 2,5-D H B, i.e., the b ead s re
tained their purple color ev en after several w a sh es,
w h ereas the supernatant rem ained clear.
A d d ition al p h o sp h o p ep tid e-so lu b iliza tio n IMAC
stu d ies w ere carried ou t u sin g the indirect analysis
m eth od w ith different p osition al isom ers o f DHB (2,3-,
2,4-, 2,6-, 3,4-, 3,5-D H B and salicylic acid). The spectra
derived from these exp erim en ts contained few er p h o s
p h o p ep tid e peaks w ith low er ion sign al in ten sities than
the spectra obtained u sin g 2,5-D H B solu tion s. A d d ition
of 2,5-D H B as M ALDI m atrix to the p osition al isom ersolu b ilized fractions d id n ot im p rove p h o sp h o p ep tid e
detection. T hese results are su m m arized in Table 1.
Table 1 also in clu d es a qualitative d escrip tion of the
color ch an ges o f p h o sp h o p ep tid e-lo a d ed IMAC beads
u p on the a d d ition o f different DHB isom er solu tion s.
The color ch an ges w ere not the sam e as those obtained
w ith the 2,5 isom er.

3000

m/z

Sequential Solubilization (Figure 4)
F igu re 2 . M ALDI-TOFM S m ass spectra o f a tryptic a-casein d igest
acquired after IM AC treatm ent u sin g the indirect analysis m ethod
(IM AC b ead s w ere w a sh ed w ith matrix so lu tio n and the supernatant
w a s load ed on the target). P h o sp h o p ep tid es are m arked b y an
asterisk, seq u en ces as in Figure 1. (a) 2,5-D H B as m atrix in linear
m ode; (b) 2,5-D H B as matrix in reflectron m od e; (c) C H C A as matrix
in linear m od e; (d) C H C A as matrix in reflectron m od e.

In the 2,5-D H B exp erim en ts described ab ove, on ly the
m o n o-p h osp h orylated co m p o n en ts o f the p h o sp h o p e p 
tide set in vestigated w ere d etected . H ence, after subjec
tion to the M ALDI m atrix experim ent, the IMAC beads
w ere separated, triply w a sh ed w ith w ater and extracted
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Indirect analysis results using dihydroxybenzoic acid isom ers

Substance structure

pH of
saturated
aqueous solution

Colour of
Fe^^-NTA
beads upon DHB
addition

Ion signal
intensities
without
additional
matrix®

Ion signal
intensities
with 2,5-DHB
as matrix‘s

2,5-DHB

2.0

Indigo-purple

Strong

N/A

2,3-DHB

2.4

Purple

Medium

Medium

2.4

Reddish-purple

None

Medium

1.6

Reddish-purple

Medium

Medium

2.8

Navy blue

None

Weak

3,5-DHB

2.6

Very slight red
colour

None

Weak

Salicyclic acid (2-hydroxy
benzoic acid)

2.5

Slightly red

None

Medium

0^0

à

z

2,4-DHB
O yO

ÿ"
2,6-DHB

V

OH

3,4-DHB

0^0'
JL

® Indicates the ph osphopeptide Ion signal Intensity w hen supernatants from the IMAC elution Into Isom er solution are applied directly to the MALDI
target, w ithout addition of additional matrix solution, m easured relative to 2,5-DHB (designated as strong).
" Indicates the phosphopeptide Ion signal Intensity w hen 2,5-DHB Is added to the supernatant to a ssist MALDI.

u sing conditions found above to disrupt the interaction
of all bound phosphopeptides w ith IMAC resin (elution
in am m onium phosphate buffer at pH 4.8). The reflec
tron m ode MALDI-TOFMS data obtained from the tw o
treatm ents (Figure 4) revealed that the poly- and som e
m ono-phosphopeptide had rem ained bound during
treatment w ith 2,5-DHB solution and the subsequent
w a sh step, but w ere in fact then released by treatment
w ith the am m onium phosphate buffer. In addition, the
interaction betw een 2,5-DHB and Fe^'^-NTA also ap
peared to be disrupted b y the addition of the am m o
n ium phosphate, as suggested by the loss of the purple
color of the (DHB-treated) beads.

Sensitivity Study
In order to determine practical lim its for the detection of
phosphopeptides from a tryptic digest of bovine a-ca
sein, a dilution series w as carried out. Results from
analysis of 10% of the eluate (using am m onium p hos

phate buffer at pH 4.8 as eluent) w ith 2,5-DHB as matrix
established that all of the major phosphopeptides could
be observed u sing less than 1 pm ol total digest loaded.
Also, the major p hosphopeptides could still be seen at
200 fm ol total digest am ount loaded, and finally, som e
highly-abundant phosphopeptides (agi Y 119-R 134/ ^ i i r
^134/ “ s2 Ti 53-Kt^65) could Still be observed at 20 fm ol
loading levels.

Additional Experiments
To ensure the quantitative binding of phosphopeptides
on IMAC resin HPLC analyses of untreated tryptic
a-casein digests and the supernatants of the sam e
digests exposed to IMAC beads w ere carried out fol
low ed by MALDI m ass analyses of the collected frac
tions. C om parison of the results obtained from these
two HPLC experim ents revealed com plete depletion of
phosphopeptides follow in g exposure to IMAC beads,
i.e., UV absorption at 214 nm w a s b elow the detection
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9 0 0 0 -,

m arked by *. A d d itio n a l p h o sp h o p e p tid e s to th ose in F ig u res 1
and 2 are present: SI Dgg-Ky^: D IG pSE pST E D Q A M E D IK , m / z
1927.69; SI
Q M E A E pSIpSpSpSE E IV PN pSV E Q K , m / z
2720.91; S2 E ^ r K is z E Q LpSTpSEEN SK K , m / z 1539.60; S2 N^rKgg
N A N E E E Y SIG pSpSpSE E pSA E V A T EE V K , m / z 3008.03. S2 K,gK 39 K N TM EH V pSpSpSEESIIpSQ ETY K Q EK , m / z 3132.20 (a) Prior
to IM A C treatm ent; (b) A fter IM A C treatm en t u s in g a m m o n iu m
h y d r o x id e /a m m o n iu m p h o sp h a te elu tio n bu ffer at p H 4.8; (c)
A fter IM AC treatm en t u s in g a m m o n iu m h y d r o x id e /a m m o n iu m
p h osp h ate e lu tio n b u ffer at p H 6 .8 ; (d) A fter IM AC treatm ent
u sin g a m m o n iu m h y d r o x id e /a m m o n iu m p h o sp h a te e lu tio n
buffer at pH 8 .6 .
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threshold level and no p h o sp h o p ep tid e ion signal w a s
observed in any o f the fractions by M ALDI-M S (data
not show n).
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F ig u re 3. R eflectron M A LD I-T O FM S m a ss spectra o f a tryptic
a -c a s e in d ig e s t u s in g 2,5-D H B as m atrix. P h o sp h o p e p tid e s are

Earlier, Tomer and co-w orkers h a v e reported that direct
MALDI could account for the m etal-b in d in g p ep tid e
signals observed in M ALDI-TOFM S spectra obtained
by loading IMAC b ead s o n to a M ALDI target in C H C A
[9, 10]. These stu d ies w ere recently exten d ed to the u se
of Fe^^- and
-im m ob ilized b ead s for the selective
detection of p h o sp h o p ep tid es [7]. The data presented in
the latter stu d y u sin g Fe^"^-modified b ead s revealed
that m ore h igh ly -p h o sp h o ry la ted p ep tid es could not be
detected, even as m etastable ions, w h en CH C A w a s
used as MALDI m atrix. This observation is contrary to
the data p resen ted by P o sew itz and T em pst, w h o
sh ow ed that, on average, —95% o f ^^P-labelled p h o s
ph op ep tid e w a s retained by Fe^+ b ead s under low -p H
loading co n d ition s (three separate radiolabelled p h o s
p h op ep tid es w ere exam in ed ) [2]. Since their results
sh ow ed that radiolabeled p h o sp h o p ep tid es w ere both
present and b in d in g , this result im p lies that certain
additional p h o sp h o p ep tid es w ere b ou n d to the resin
but not detected under th ese direct M ALDI analysis
conditions. This d iscrep an cy su g g ested to u s that there
m ust be an alternative p roperty o f particular M ALDI
m atrices resp on sib le for th ese observations. The
m ethod of Zhou et al. w a s therefore revisited in order to
determ ine the p h y sico ch em ica l basis o f the direct d e 
tection of p h o sp h o p ep tid es chelated to Fe^'^-NTA
beads.
Our direct an alysis exp erim en ts sh o w that one can
indeed detect m o n o -p h o sp h o p ep tid es, w h ich h ave b een
im m obilized to Fe^^-NTA resin, u sin g the m eth od s
reported by Tom er et al. F o llo w in g w a sh in g to separate
the non-specifically ad sorb ed com p o n en ts from the
specific, im m ob ilized co m p o n en ts o f the tryptic m ix 
ture, the beads w ere ap p lied directly to the target.
Matrix solution w a s then ad d ed to the b ea d s on the
target before M ALDI-TOFM S analysis. The p rev io u s
stu d y had sh o w n that C H C A perm itted d etection of
only a lim ited set o f a -casein p h o sp h o p ep tid es [7],
nam ely som e m o n o -p h o sp h o p ep tid es. In th is stu d y,
both CHCA and 2,5-D H B w ere ch osen for in vestigation
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F ig u re 4. R eflectron M A LD I-T O FM S m a ss spectra o f IM A C treated a -c a sein tryptic d ig e s t u s in g s eq u e n tia l e lu tio n in 2,5-D H B
an d a m m o n iu m p h o sp h a te buffer. P h o sp h o p e p tid e s are m arked
w ith an asterisk, p h o sp h o p e p tid e m a sse s an d se q u e n c e s are as in
th e p r e v io u s figures: (a) IM AC p u rified fraction e lu te d u sin g
2,5-D H B , s h o w in g m o n o -p h o s p h o p e p tid e ions, (b) T he su p e r n a 
tant from (a) w a s r em o v ed , the b e a d s w e r e w a sh e d , an d the
rem a in in g p h o sp h o p e p tid e s e lu te d u s in g 100 m M a m m o n iu m
p h o sp h a te bu ffer, p H 4.6.

of the "direct analysis" p h en o m en o n . 2,5-D H B is an
other M ALDI matrix co m p o u n d , w h ich has b een re
ported to represent a m ore effective m atrix for u se in
stu d ies of labile p h osp h o- and g ly co p ep tid es d u e to its
com p aratively "cool" nature (i.e., red u ced en ergy trans
fer to analyte during the d e so r p tio n /io n iz a tio n process)
[12-14]. The relatively "hot" nature o f C H C A , w h ich
u n d er laser desorp tion co n d itio n s cau ses increased
m etastable decay of p h o sp h o p e p tid e ions, red u ces ion
sign al intensity for intact p h o sp h o p e p tid e detection , as
o n e m igh t expect. The relative contributions o f this
lim ited com patibility of C H C A w ith p h o sp h o p ep tid e
d e so r p tio n /io n iz a tio n in com p arison w ith 2,5-DHB,
and the differing abilities o f th ese m atrices to d isp lace
(solu b ilize) p h o sp h o p ep tid es from the surface o f IMAC
b ea d s are as yet unclear. It is, h o w ev er, ev id e n t from
our stu d ies that sam ples treated w ith 2,5-D H B sh o w
h igh er signal intensity for p h o sp h o p ep tid e co m p o 
nents. Furtherm ore, the ob servation o f lo w er m etastable
d eca y w ith DHB enables the u tilization o f h igh -resolu tion m easu rem ents in reflectron m o d e [15]. H ow ev er,
iron ad d u ct ion form ation seem s to be significantly

h igher than w h en C H C A or am m on iu m p h osp h ate
buffer is em p lo y ed in elution.
The ch an ge in color ob served for the IMAC b ead s
treated w ith 2,5-D H B in d icates that there w a s a ch em 
ical interaction b etw een the Fe^^ chelated on the b ead s
and the matrix solu tion . P h o sp h o p ep tid e d etection
from the crystalline ring su rrou n d in g the b ead s su g 
gested that so lvation o f p h o sp h o p ep tid es had taken
place prior to matrix crystallization. One m ig h t at
tribute the p h o sp h o p ep tid e so lv a tio n to an effect o f the
m atrix d ryin g p rocess or to their so lu b ilization from the
b ead s into the matrix solu tion .
Since our initial exp erim en ts clearly raised q u estion s
about the relative ability o f the tw o m atrices exam in ed
to so lu b ilize p h o sp h o p ep tid es, w e carried ou t further
exp erim en ts to in vestigate the nature o f p h o sp h o p ep 
tide so lu b ilization from IMAC m ed ia u sin g both
M ALDI m atrices and am m o n iu m p h osp h ate buffers
w ith pH v a lu es adjusted th rou gh ou t the range from
acidic to alkaline.
To d ecid e w h eth er p h o sp h o p ep tid e liberation from
the beads' surface is taking place by a chem ical process,
in w h ich the matrix so lu tio n can be regarded as the
d isp lacin g ligan d , or by the d ryin g process (as so m e
sort of m atrix effect), indirect analysis stu d ies u sin g
C H C A and 2,5-D H B w ere carried out. In these stu d ies,
the matrix m aterial w a s m ixed w ith w a sh ed bead s, the
bead s w ere then sp u n d o w n and a 0.5 p.1 aliquot of the
supernatant w a s ap p lied to the M ALDI target and
dried. The spectra gain ed in the indirect analysis stu d ies
(Figure 2) confirm ed that M ALDI matrix so lu tio n s are
capable o f liberating p h o sp h o p ep tid es, and su g g est that
the ab ove ob servation s are d u e to ligand d isp lacem en t
reactions carried ou t by the matrix rather than a direct
desorp tion effect.
S u m m arizin g the results from the direct and indirect
analysis exp erim en ts it is sh o w n that the u se o f 2,5-D H B
rather than C H C A to liberate p h o sp h o p ep tid es from
IMAC beads' surfaces a llo w s en h an ced d etection of
ion s u sin g reflectron m od e. Since on ly lim ited m etasta
ble fragm entation can be ob served w ith 2,5-D H B, reflec
tron m o d e w ith its increased m ass accuracy and reso
lution can be u sed to gain m ore accurate inform ation
about the p ep tid e ion s present. P h o sp h o p ep tid e so lu b i
lization w ith 2,5-D H B b y either indirect or direct analysis
m eth od s also sligh tly en larges the p h o sp h o p ep tid e set
seen w h e n com pared w ith that seen in C H C A (see
Figures 1 and 2). A lth o u g h the p h o sp h o p ep tid e set
found by MALDI-TOFM S after so lu b ilization u sin g
M ALDI m atrices con sists on ly of m o n o-p h osp h orylated
p ep tid es, tw o ad d ition al p h o sp h o p ep tid es are seen
w h en 2,5-D H B is u sed instead o f C HCA.
That 2,5-D H B and C H C A are in fact able to so lu b ilize
m o n o -p h o sp h o p ep tid es from IMAC b ead s contradicts
the majority o f IMAC affinity colu m n elu tion protocols,
w h ich ex p lo it the u se o f h ig h pH to disrupt the inter
action b e tw een im m ob ilized Fe^^ and the b ou n d p h o s
p h o p ep tid es [2, 8, 16, 17]. The pH o f 2,5-D H B in a
saturated a q u eo u s solu tion is 2.0, w h ereas traditional
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IMAC protocols typically use the elution conditions of
sodium phosphate at high pH (8-10.5). From results
obtained in this study, solubilization takes place inde
pendent of pH, and indicates that liberation of m onophosphorylated peptides by 2,5-DHB m ust be occurring
by a chemical ligand displacem ent m echanism .
Benzoic acid derivatives are know n for their high
iron affinity, and have been su ggested by som e groups
as bacterial siderophores. Siderophores are lo w m olec
ular w eigh t chelating agents secreted b y m icroorgan
isms, w hich are capable of sequestering Fe^"^ for m eta
bolic usage under low Fe^^ conditions [18, 19]. These
results are consistent w ith the prem ise that displace
m ent of m ono-phosphopeptides b y 2,5-DHB m ay occur
as a result of preferential com plex form ation betw een
the 2,5-DHB m olecule and the N T A -com plexed Fe^^
over the com plex w ith phosphopeptide.
The indirect analysis experim ent carried out using
different positional isom ers of DHB indicated that al
though m any of the other positional isom ers w ere
capable of interacting w ith the Fe^^-NTA (as indicated
by a color change in the resin w hen the DHB solution
w as added), the m ass spectral data obtained w ere of
substantially low er quality to those w here the 2,5isom er w as used. It w as also noted that the changes in
color of the beads, w hen other isom ers w ere used, w ere
different to the change w ith 2,5-DHB. Where 2,5-DHB
w as added to the supernatants from these experim ents,
the resultant MALDI-TOFMS spectra im proved, but
still sh ow ed fewer phosphopeptide peaks than w here
2,5-DHB alone w as used. TTiis su ggests that the 2,5DHB is better suited for solubilization ("elution") of
m ono-phosphopeptides im m obilized on IMAC beads,
although inferior laser d esorption /ion ization u sing the
other isom ers, even w hen 2,5-DHB is added to im prove
MALDI analysis, can not be excluded.
A lthough certain m ono-phosphorylated peptides,
w hich are present at very high concentrations in the
a-casein tryptic digest, w ere easily seen w ith 2,5-DHB
as matrix solution, the poly-phosphopeptides w ere dif
ficult to detect. Since HPLC fractionation of the a-casein
digest before and after IMAC retention sh ow s that these
phosphopeptides m ust be both present and binding to
the IMAC media, a lack of p hosphopeptide liberation
w a s suspected for certain com ponents. This indicated
that a m ore stringent protocol for the disruption of
IMAC bead interaction w ith hyper-phosphorylated
pep tid es w a s required, as the strength of interaction
b etw een 2,5-DHB and Fe^'^-NTA appears to be insuffi
cient to disrupt the interaction of m ultiply phosphorylated peptides w ith IMAC resin. Since in nature p hos
phorylation sites have a propensity to occur in clusters,
this is a critical consideration w hich needs to be ad
dressed. A generic m ethod for solubilization of chelated
pep tid es from Fe^'^-NTA beads w as therefore sought.
O bviously, com patibility w ith m ass spectrometric
analysis w ithout downstream purification of IMACenriched phosphopeptide sam ples w as desired. The use
o f sod ium salt solutions w as therefore som ew hat u nde
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sirable, although w id ely used in IMAC [2, 20-22]. The
m ethod reported by Gallis et al. [3] involves the use of
m onobasic am m onium phosphate (N H 4H 2PO 4) in a
0 .1 % aqueous solution; a m ethod analogous to that used
by other groups w ith sodium phosphate. A m m onium
phosphate solution not only proved to be MALDITOFMS com patible, but also enabled detection of m ul
tiply phosphorylated peptides, and can be pH-buffered.
Therefore, pH-adjusted am m onium phosphate buffers
w ere used to investigate w hether pH affects p hos
phopeptide recovery from IMAC beads. pH -dependent
elution of phosphopeptides from IMAC resin is often a
fundam ental aspect of literature protocols, w h o se ne
cessity w as brought into question by our results sh ow 
ing m ono-phosphopeptide solubilization u sing MALDI
matrix solutions. MALDI matrices are acidic; chelate
disruption in these solution conditions is therefore
contrary to the disruption conditions em ployed in stan
dard colum n elution protocols. Further evidence for the
lack of necessity for high p H elution w as found in som e
of the earliest protocols, w here elution w as carried out
at pH 7.2 [1]. The data from three independent experi
m ents carried out over a range of pH values revealed no
significant com positional change due to the difference
in pH. Figure 3 depicts typical spectra obtained for the
pH values 4.8, 6 .8 , and 8 .6 . These results indicate that
the usually very low pH of MALDI matrices im poses no
essential disadvantage w h en it is used w ith IMAC
eluents. On the contrary, the high pH of som e colum n
elution buffers could cause problem s such as /3-elimination of phosphate from phosphoserine and phosphothreonine residues, w hich is know n to take place at high
pH [23].
Since w e have sh ow n in this study that am m onium
phosphate disrupts the interaction of m ultiply p hos
phorylated peptides w here 2,5-DHB could not, initial
experim ents to determ ine the physical properties of
2.5-DHB's solubilization capacity w ere carried out. Se
quential elution w ith 2,5-DHB, follow ed by am m onium
phosphate, show ed that the m ultiply phosphorylated
and even som e m ono-phosphorylated peptides w ere
still bound to the resin and could be solubilized using
an am m onium phosphate buffer subsequent to treat
m ent w ith 2,5-DHB (Figure 4). The purple color of the
beads w as lost follow ing treatment w ith am m onium
phosphate, indicating that the affinity of phosphate ions
for the resin is, as w o u ld be expected, higher than that
of 2,5-DHB or CHCA. This explains the lack of multiply-phosphorylated peptide ions w hen these matrices
are applied to Fe^^-IMAC beads and directly analyzed
on target [7, 9].
The recovery of the com plete set of phosphopeptides
gained from tryptic digestion, and therefore character
ization of the phosphorylation profile of this protein, is
therefore achievable u sing either this com bination of
2.5-DHB and am m onium phosphate or just am m onium
phosphate alone.

1050

HART ET AL.

J A m Soc M ass Spectrom 2002, 13, 1042-1051

Conclusion

a n d C h a ra cteriza tio n o f S y n th e tic P h o sp h o p e p tid e s. Anal.

Biochem. 1999, 270, 9 - 1 4 .

The results obtained in this study provide strong evi
dence that the "direct analysis" phenom enon in
MALDI-TOFMS analysis of IM AC-retained p hos
phopeptides is in fact due to ligand displacem ent of the
m ono-phosphopeptide-N TA chelate, rather than laserinduced direct desorption from the chelate. IMACretained phosphopeptides can be solubilized b y solu
tions of CHCA and DHB, w ith 2,5-DHB being more
effective in obtaining a larger subset of m ono-phos
phopeptides.
For the liberation of m ultiply phosphorylated p ep 
tides, buffers containing phosphate w ere superior to
2.5-DHB or other MALDI matrix solutions. Elution
from IMAC beads under these conditions is related to
increasing phosphate concentration at the beads' sur
face rather than pH, since this study finds n o significant
alterations in the elution profile in the p H range from
4.5-9.6. Am m onium phosphate d oes not strongly inter
fere w ith MALDI or HPLC m easurem ents of phos
phopeptides, its pH can be adjusted to m aintain phos
phopeptides in solution, and m ost im portantly, it
efficiently solubilizes m ono- as w ell as p oly-phos
phopeptides from Fe^^-NTA beads. This w ould there
fore appear to be an optim al choice as an IMAC elution
buffer.
In summary, the findings of this study indicate that
the metal chelation aspects of IMAC m ethods for p hos
phopeptide enrichment need to be considered m uch
m ore carefully than previous studies w o u ld im ply. The
ability of Fe^"^-chelating agents, such as 2,5-DHB, to
displace phosphopeptide from IMAC m edia at low pH
is a first indication that differential chelation com plexes
at the metal ions' surface are more im portant than pH
changes for displacem ent of these com ponents. Further
research into the chelation aspects of IMAC separation
is therefore clearly desirable.
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